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PREFACE 


Veterinary Ophthalmology, now in its fourth edition, is 
testimony to the firm establishment of and progress in veteri- 
nary and comparative ophthalmology during the past nearly 
50 years. When the first edition was released in 1981, the 
American College of Veterinary Ophthalmologists consisted 
of about 50 boarded ophthalmologists, and veterinary oph- 
thalmology clinics were limited to a few private practices and 
academic institutions. Now, in 2006, veterinary ophthalmol- 
ogy is widely regarded as one of the premier clinical special- 
ties in private practice. The American College has nearly 
300 members, and the number of ACVO-boarded veterinary 
ophthalmologists continues to increase. Despite limited avail- 
ability of training programs, we see steady growth in the 
number of private practices. Other countries worldwide have 
also established board certification organizations and are 
witnessing similar progress in the establishment of veterinary 
ophthalmology as a clinical specialty. 

The first and second editions of this book were often 
referred to as the “blue bible” of veterinary ophthalmology 
because of the comprehensive information contained within 
their blue covers. When the third edition cover was changed to 
gold, the text was immediately became known as the “gold 
standard” for veterinary ophthalmology. It is our goal that this 
high standard as the leading text in veterinary ophthalmology 
continue with the fourth edition. 

Veterinary Ophthalmology is a valuable reference for vet- 
erinary ophthalmologists; veterinary ophthalmology residents 
and graduate students; veterinary pathologists, pharmacolo- 
gists, and toxicologists interested in the eye; vision scientists; 
and persons interested in comparative ophthalmology. It pres- 
ents the current state of veterinary ophthalmology as docu- 
mented by authors from America, Canada, England, France, 
Israel, Sweden, Switzerland, and the Netherlands. It includes 
practical information about the basic vision sciences; the foun- 
dations of clinical ophthalmology; ophthalmology of selected 
species, including canine, feline, equine, food animals, exotic, 
and laboratory animals; comparative neuroophthalmology; 
and ocular manifestations of systemic disease. Hundreds of 
color illustrations enhance the discussions and promote a 
deeper understanding of the information presented. 


The fourth edition is organized similarly to previous 
editions, divided into two volumes with four major parts. 
Part I, “Basic Vision Sciences,” consists of embryology and 
developmental abnormalities, anatomy, ocular physiology, and 
the physiology of vision and optics. The information in these 
chapters is unique and often very difficult to find in the com- 
parative ophthalmic literature. Nevertheless, these disciplines 
form the critical basis for the remainder of the book. 

In Part II, “Foundations of Clinical Ophthalmology,” chap- 
ters are devoted to pharmacology, immunology, microbiology, 
pathology, and ocular examination and diagnostics. The infor- 
mation in these chapters is based on the experience and exper- 
tise of the authors and capsulized from numerous sources of 
materials that are often consuming and difficult to retrieve from 
the literature. Special attention is devoted to the continued 
progress in noninvasive imaging technology, which promises to 
advance clinical veterinary ophthalmology in the next several 
years (as it is doing in human ophthalmology at this time). 

Part II, “Canine Ophthalmology,” contains 14 chapters. 
Several chapters have been significantly expanded to present 
the status of diagnosis and therapy for specific diseases. In- 
depth discussion of surgical techniques and their outcomes 
provides invaluable guidance in best approaches to specific 
conditions, such as eyelid, corneosclera, and lens anomalies. 
Many gene and gene-mutation DNA tests for inherited retinal 
degenerations in purebred dogs are now available com- 
mercially; the most current and comprehensive summary of 
these tests and their application to diseases and diagnostics 
are explored in Chapter 21, “Diseases of the Canine Ocular 
Fundus.” 

In Part IV, “Special Ophthalmology,” the expanded chap- 
ters on equine and feline ophthalmology reflect the greater 
numbers of these patients in our practices. The exotic and lab- 
oratory animal chapters again represent the importance of 
these species to veterinary ophthalmology. Comparative 
neuroophthalmology has a special place in veterinary oph- 
thalmology, because such patients may present to either the 
ophthalmologist or neurologist. Finally, Chapter 30, “Ocular 
Manifestations of Systemic Diseases,” is divided into canine, 
feline, equine, and food animal sections. This chapter focuses 
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on diagnosis, therapy, and prognosis of those diseases which 
often involve the eye and associated tissues. 

A book of this magnitude requires a major commitment by a 
small group of authors who are experts in their chosen field and 
are willing to take time from their personal lives to present their 
experience and expertise to peers and colleagues worldwide. 
Such a book does not happen overnight, and with persistent hard 
work by all of the contributors, this effort has been completed in 
good time. A special thanks to our families from letting these 
veterinary ophthalmology “steal” again some family time for the 


SS 


good of our profession and our animal patients. I especially 
appreciate the assistance of the comparative ophthalmology fac- 
ulty and staff at the University of Florida, particularly Edward O. 
MacKay and Tommy Rinkoski (PhD students) for their energy. 
and computer expertise! A special thanks also goes to Antonia 
Seymour and Dede Anderson at Blackwell Publishing Profes- 
sional for the opportunity to publish the fourth edition of Veteri- 
nary Ophthalmology. 

Kirk N. Gelatt 

Gainesville, Fl 
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BASIC VISION 
SCIENCES 


Chapter 1 


Ocular Embryology and Congenital 


Malformations 
Cynthia S. Cook 


Investigations of normal and abnormal ocular development have 
often used rodents as animal models. Comparison with studies 
of humans and other animals demonstrates the sequence of 
developmental events is very similar across species.!~> Factors 
that must be considered when making interspecies comparisons 
include duration of gestation, differences in anatomic end point 
(e.g., presence of a tapetum, macula, or Schlemm’s canal), and 
when eyelid fusion-breaks (during the sixth month of gestation 
in the human versus ks-postnatal inthe dag) (Table 1.1). 

This chapter describes normal events and abnormalities in 
this developmental sequence that can lead to malformations. 
Bearing in mind the species differences alluded to above, the 
mouse is a valuable model in the study of normal and abnormal 
ocular morphogenesis. In particular, studying the effects of 
acute exposure to teratogens during development has provided 
valuable information about the specific timing of events that 
lead to malformations. 


GASTRULATION AND NEURULATION 


Cellular mitosis following fertilization results in transforma- 
tion of the single-cell zygote into a cluster of 12 to 16 cells. 
With continued cellular proliferation, this morula becomes a 
blastocyst, containing a fluid-filled cavity. The cells of the 
blastocyst will form both the embryo proper and the extraem- 
bryonic tissues (i.e., amnion and chorion). At this early stage, 
the embryo is a bilaminar disc consisting of hypoblast and epi- 
blast. This embryonic tissue divides the blastocyst space into 
the amniotic cavity (adjacent to epiblast) and the yolk sac 
(adjacent to hypoblast) (Fig. 1.1). 

Gastrulation (formation of the mesodermal germ layer) 
begins during day 10 of gestation in the dog (day 7 in the mouse; 
days 15-20 in the human). The primitive streak forms as a longi- 
tudinal groove within the epiblast (i.e., future ectoderm). Epi- 
blast cells migrate toward the primitive streak, where they 
invaginate to form the mesoderm. This forms the three classic 
germ layers: ectoderm, mesoderm, and endoderm. Gastrulation 
proceeds in a cranial-to-caudal progression; simultaneously, the 
cranial surface ectoderm proliferates, forming bilateral eleva- 
tions called the neural folds (1.e., future brain). The columnar 


surface ectoderm in this area now becomes known as the neural 
ectoderm (Fig. 1.2). 

As the neural folds elevate and approach each other, a spe- 
cialized population of mesenchymal cells, the neural crest, 
emigrates from the neural ectoderm at its junction with the 
surface ectoderm (Fig. 1.3). Migration and differentiation of 
the neural crest cells are influenced by the hyaluronic 
acid-rich extracellular matrix. This acellular matrix is 
secreted by the surface epithelium as well as by the crest cells, 
and it forms a space through which the crest cells migrate. 
Fibronectin secreted by the noncrest cells forms the limits of 
this mesenchymal migration.” Interactions between the 
migrating neural crest and the associated mesoderm appear to 
be essential for normal crest differentiation.*’ The neural crest 
cells migrate peripherally beneath the surface ectoderm to 
spread throughout the embryo, populating the region around 
the optic vesicle and ultimately giving rise to nearly all the 
connective tissue structures of the eye (Table 1.2).*"!° The pat- 
terns of neural crest emergence and migration correlate with 
the segmental disposition of the developing brain. 

It is important to note that mesenchyme is a general term for 
any embryonic connective tissue. Mesenchymal cells generally 
appear stellate and are actively migrating populations with 
extensive extracellular space. In contrast, mesoderm refers 
specifically to the middle embryonic germ layer. In other parts 
of the body (e.g., axial skeletal system), mesenchyme develops 
primarily from mesoderm, with a lesser contribution from the 
neural crest. In the craniofacial region, however, mesoderm 
plays a relatively small role in the development of connective 
tissue structures. In the eye, mesoderm probably gives rise only 
to the striated myocytes of the extraocular muscles and vascu- 
lar endothelium. Most of the craniofacial mesenchymal tissue 
comes from neural crest cells.’ 

The neural tube closes initially in the craniocervical region 
and proceeds cranially and caudally. Once closure is complete, 
the exterior of the embryo is then completely covered by sur- 
face ectoderm, and the neural tube is lined by neural ectoderm. 
Neural segmentation then occurs to form the specific parts of 
the brain: forebrain (i.e., prosencephalon), midbrain (i.e., mes- 
encephalon), and hindbrain (i.e., rhombencephalon) (Figs. 1.3 
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TABLE 1.1 Sequence Of Ocular Development 


| Human 
(Approximate Mouse Dog (Day 
Postfertilization Age) (Day Postfertilization) 


Month Week Day Postfertilization) Postnatal 


Developmental Events 


1 3 22 8 13 


4 24 9 15 
10 17 


26 


2 5 28 10.5 


32 11 19 


33 11.5 25 


12 30 


41 12 32 


17 32 


12.5 40 
48 14 32 


54 30-35 


10 45 


Optic sulci present in forebrain 

Optic sulci convert into optic vesicles 

Optic vesicle contacts surface ectoderm 

Lens placode begins to thicken 

Optic vesicle surrounded by neural crest mesenchyme 
Optic vesicle begins to invaginate, forming optic cup 
Lens pit forms as lens placode invaginates 

Retinal primordium thickens, marginal zone present 
Optic vesicle invaginated to form optic cup 

Optic fissure delineated 


Retinal primordium consists of external limiting membrane, 
proliferative zone, primitive zone, marginal zone, and internal 
limiting membrane 


Oculomotor nerve present 

Pigment in outer layer of optic cup 

Hyaloid artery enters through the optic cup 
Lens vesicle separated from surface ectoderm 
Retina: inner marginal and outer nuclear zones 
Basement membrane of surface ectoderm intact 
Primary lens fibers form 

Throchlear and abducens nerves appear 

Lid folds present 

Edges of optic fissure in contact 

Tunica vasculosa lentis present 

Lens vesicle cavity obliterated 

Ciliary ganglion present 


Posterior retina consists of nerve fiber layer, inner neuroblastic 
layer, transient fiber layer of Chievtiz, proliferative zone, outer 
neuroblastic layer, and external limiting membrane 


Eyelids fuse (dog) 

Anterior chamber beginning to form 
Secondary lens fibres present 

Corneal endothelium differentiated 

Optic nerve fibers reach the brain 

Optic stalk cavity is obliterated 

Lens sutures appear 

Acellular corneal stroma present 

Scleral condensation present 

First indication of ciliary processes and iris 
Extraocular muscles visible 

Eyelids fuse (occurs earlier in the dog) 
Pigment visible in iris stoma 

Ciliary processes touch lens equator 
Rudimentary rods and cones appear 
Hyaloid artery begins to atrophy to the disc 


Branches of the central retinal artery form 


(continued) 


TABLE 1.1 SEQUENCE OF OCULAR DEVELOPMENT (continued) 
4 51 
56 
= 56 
2-14 P 
5 40 
1E 
7 1-14 P 
1-16 P 
10-13 P 
9 16-40t P 
14P 


Data from references 2, 3, 46, and 159. 


and 1.4). The optic vesicles develop from neural ectoderm 
within the forebrain, with the ocular connective tissue deriva- 
tives originating from the midbrain neural crest. 


FORMATION OF THE OPTIC VESICLE 
AND OPTIC CUP 


The optic sulci are visible as paired evaginations of the fore- 
brain neural ectoderm on day 13 of gestation in the dog 
(Figs. 1.3, 1.4, 1.5, 1.6, and 1.7). The transformation from 


Figure 1.1. A blastocyst that has pene- 
trated the maternal endometrium. An 
embryoblast has formed and consists of 
two cell layers: the epiblast above, and the 
hypoblast below. (Reprinted with permis- 
sion from Cook C, Sulik K, Wright K. 
Embryology. In: Wright KW, ed. Pediatric 
Ophthalmology and Strabismus. St. Louis: 
Mosby-Year Book, 1995:3-59.) 


Maternal 
sinusoid 


Endometrial stroma 
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Pupillary sphincter differentiates 

Rental vessels present 

Ciliart muscle appears 

Eye axis forward (human) 

Tapetum present (dog) 

Tunica vasculosa lentis atrophies 

Short eyelashes appear 

Layers of the choroid are complete with pigmentation 
Eyelids begin to open, light perception 

Pupillary dilator muscle present 

Pupillary membrane atrophies 

Rod and cone inner and outer segments present in posterior retina 
Pars plana distinct 

Retinal layers developed 


Regression of papillary membrane, TVL, and hyaloid artery nearly 
complete 


Lacrimal duct canalized 


optic sulcus to optic vesicle is considered to occur concurrently 
with the closure of the neural tube (day 15 in the dog). Intracel- 
lular filaments and microtubules within the cytoskeleton alter 
cell shape and allow for cell movement. In addition to the 
mechanical influences of the cytoskeleton and the extracellular 
matrix, localized proliferation and cell growth contribute to 
expansion of the optic vesicle (Fig. 1.5).!0"! 

The optic vesicle enlarges and, covered by its own basal 
lamina, approaches the basal lamina underlying the surface 


Amnioblast cavity 


Epiblast 


Hypoblast 


oAuquia 
Jeulwelig 


Endoderm 


Extra-embryonic 
coelom 


Exocoelomic 
membrane 


Extra-embryonic 
somatopleuric mesoderm 
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Amniotic cavity 


Primitive 
streak 


`` Primitive aR 


Yolk sac 


(a) 


Primitive 
streak 


Invaginating 
epiblast cells 


À Ik 
Hypoblast sac 


Surface 
ectoderm 
Neural ectoderm 


Endoderm 


(c) 


Mesoderm 


Figure 1.2. A. Dorsal view of an embryo in the gastrulation stage with the amnion removed. B. Cross-section through the primitive streak, representing 
invagination of epiblast cells between the epiblast and hypoblast layers. Note that the epiblast cells filling the middle area form the mesodermal layer. 
C. Cross-section through the neural plate. Note that the ectoderm in the area of the neural groove (shaded cells) has differentiated into neural ectoderm, 
whereas the ectoderm on each side of the neural groove is surface ectoderm (clear water cells). (Reprinted with permission from Cook C, Sulik K, Wright K. 
Embryology. In: Wright KW, ed. Pediatric Ophthalmology and Strabismus. St. Louis: Mosby-Year Book, 1995:3-59.) 


ectoderm (Fig. 1.5). The optic vesicle appears to play a signif- 
icant role in the induction and size determination of the palpe- 
bral fissure and of the orbital and periocular structures.!? An 
external bulge indicating the presence of the enlarging optic 
vesicle can be seen at approximately day 17 in the dog. 

The optic vesicle and optic stalk invaginate through differ- 
ential growth and infolding (Figs. 1.6 and 1.7). Local apical 
contraction!’ and physiologic cell death!* have been identified 
during invagination. The surface ectoderm in contact with the 
optic vesicle thickens to form the lens placode (Figs. 1.6, 1.7, 
and 1.8A, B), which then invaginates with the underlying 
neural ectoderm. The invaginating neural ectoderm folds onto 
itself as the space within the optic vesicle collapses, thus cre- 
ating a double layer of neural ectoderm, the optic cup. 

This process of optic vesicle/lens placode invagination 
progresses from inferior to superior, so the sides of the optic 
cup and stalk meet inferiorly in an area called the optic 
(choroid/retinal) fissure (Fig. 1.8F). Mesenchymal tissue (of 
primarily neural crest origin) surrounds and fills the optic 
cup, and by day 25 in the dog, the hyaloid artery develops 
from mesenchyme in the optic fissure. This artery courses 
from the optic stalk (i.e., the region of the future optic nerve) 
to the developing lens (Figs. 1.9 and 1.10). The two edges of 
the optic fissure meet and initially fuse anterior to the optic 
stalk, with fusion then progressing anteriorly and posteriorly. 
This process is mediated by glycosaminoglycan-induced 
adhesion between the two edges of the fissure.!° Apoptosis 
has been identified in the inferior optic cup prior to formation 


of the optic fissure and, transiently, associated with its clo- 
sure.!° Failure of this fissure to close normally may result in 
inferiorly located defects (i.e., colobomas) in the iris, 
choroid, or optic nerve. Colobomas other than those in the 
“typical” six-o’clock location may occur through a different 
mechanism and are discussed later. 

Closure of the optic cup through fusion of the optic fissure 
allows intraocular pressure (IOP) to be established. The pro- 
tein in the embryonic vitreous humor (13% of plasma protein) 
is derived from plasma proteins entering the eye by diffusion 
out of permeable vessels in the anterior segment. After day 15, 
protein content in the vitreous decreases, possibly through 
dilution with aqueous humor produced by developing ciliary 
epithelium. 


LENS FORMATION 


Before contact with the optic vesicle, the surface ectoderm 
first becomes competent to respond to lens inducers. Inductive 
signals from the anterior neural plate give this area of ecto- 
derm a “lens-forming bias.” Signals from the optic vesicle are 
required for complete lens differentiation, and inhibitory sig- 
nals from the cranial neural crest may suppress any residual 
lens-forming bias in head ectoderm adjacent to the lens.!*!° 
Adhesion between the optic vesicle and surface ectoderm 
exists, but there is no direct cell contact.” The basement 
membranes of the optic vesicle and the surface ectoderm 
remain separate and intact throughout the contact period. 
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Figure 1.3. Dorsal view showing partial fusion of the neural folds to form 
the neural tube. Brain vesicles have divided into three regions: forebrain, 
midbrain, and hindbrain. The neural tube, groove, and facing surfaces of the 
large neural folds are lined with neural ectoderm (shaded cells), whereas 
surface ectoderm covers the rest of the embryo. Neural crest cells are 
found at the junction of the neural ectoderm and surface ectoderm. Neural 
crest cells migrate beneath the surface ectoderm, spreading throughout the 
embryo and specifically to the area of the optic sulci. Somites have formed 
along the lateral aspect of the closed cephalic neural tube. On the inside of 
both forebrain vesicles is the optic sulci. (Reprinted with permission from 
Cook ©, Sulik K, Wright K. Embryology. In: Wright KW, ed. Pediatric Oph- 
thalmology and Strabismus. St. Louis: Mosby—Year Book, 1995:3-59.) 


Thickening of the lens placode can be seen on day 17 in the 
dog. A tight, extracellular matrix—mediated adhesion between 
the optic vesicle and the surface ectoderm has been 
described.*~* This anchoring effect on the mitotically active 
ectoderm results in cell crowding and elongation and in for- 
mation of a thickened placode. This adhesion between the 
optic vesicle and lens placode also assures alignment of the 
lens and retina in the visual axis.’ Abnormal orientation of 
the optic vesicle as it approaches the surface ectoderm may 
result in induction of a smaller lens vesicle, which may 
assume an abnormal location within the optic cup.” 

The lens placode invaginates, forming a hollow sphere, now 
referred to as a lens vesicle (Figs. 1.8C, D, 1.9, and 1.10). The size 
of the lens vesicle is determined by the contact area of the optic 
vesicle with the surface ectoderm and by the ability of the latter 
tissue to respond to induction. Aplasia may result from failure of 
lens induction or through later involutions of the lens vesicle, 
either before or after separation from the surface ectoderm.” 
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TABLE 1.2 EMBRYONIC ORIGINS OF SCULAR TISSUES 


Neural Ectoderm Neural Crest 


Stoma of iris, ciliary body, 
choroids, and sclera 


Neural retina 


Retinal pigment epithelium Ciliary muscles 


Corneal stroma and 
endothelium 

Perivascular connective 

tissue and smooth 
muscle cells 

Striated muscles of iris 
(avain species only) 


Posterior iris epithelium 
Pupillary sphincter and dilator 
muscle (except in avain species) 


Bilayered ciliary epithelium Menings of optic nerve 


Orbital cartilage and bone 


Connective tissue of the 
extrinsic ocular muscles 


Endothelium of trabecular 
mesh-work 


Mesoderm 


Surface Ectoderm 


Lens Extraocular myoblasts 
Corneal and conjunctival epithelium Vascular endothelium 


Lacrimal gland Schlemn’s canal (human) 


Posterior sclera (?) 


Data from references 8 and 47—49. 


Lens vesicle detachment is the initial event leading to for- 
mation of the chambers of the ocular anterior segment. This 
process is accompanied by active migration of epithelial cells 
out of the keratolenticular stalk, cellular necrosis, apoptosis, 
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Figure 1.4. Development of the optic sulci, which are the first sign of eye 
development. Optic sulci on the inside of the forebrain vesicles consisting of 
neural ectoderm (shaded cells). The optic sulci evaginate toward the surface 
ectoderm as the forebrain vesicles simultaneously rotate inward to fuse. 
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Figure 1.5. A. Scanning electron micrograph of a mouse embryo (six somite pairs) on day 8 of gestation, which is equivalent to day 13 of canine gesta- 
tion. The amnion has been removed, and the neural folds have segmented into a forebrain region containing the optic sulci (arrowhead), which are evagina- 
tions of neural ectoderm (NE). The close proximity to the developing heart (H) can be seen. The area where the neural ectoderm (NE) meets the surface 
ectoderm (SE) is where the neural fold will meet and fuse; this area also gives rise to the neural crest cells. The entrance to the foregut is indicated by the 
arrow. B. Scanning electron micrograph of the optic vesicle on day 9 of gestation in the mouse (day 15 in the dog). Expansion of the optic sulcus results in an 
optic vesicle (OV) that approaches the surface ectoderm (SE). A thin layer of mesenchyme is still present between the neural ectoderm (NE) and the surface 
ectoderm (SE). The optic stalk (OS) is continuous with the ventricle of the forebrain. C. The bulge of the enlarging optic vesicle (arrows) can be seen exter- 
nally. MN, mandibular prominence of the first visceral arch; MX, maxillary prominence of the first visceral arch; //, second visceral arch. D. Partial removal of 
the surface ectoderms (E) from an embryo of 25 somite pairs (day 17 in the dog; day 19 in the mouse) reveals the exposed basal lamina of the optic vesicle 
(arrows). Enlargement of the optic vesicle has displaced the adjacent mesenchyme (M) so that the basal lamina of the surface ectoderm (£) is in direct con- 
tact with that of the optic vesicle. (Part A reprinted with permission from Cook CS, Sulik KK. Sequential scanning electron microscopic analyses of normal 
and spontaneously occurring abnormal ocular development in C57B1/6J mice. Scan Electron Microscopy 1986;3:1215-1227. Parts B, C, and D reprinted 
with permission from Cook C, Sulik K, Wright K. Embryology. In: Wright KW, ed. Pediatric Ophthalmology and Strabismus. St. Louis: Mosby—Year Book, 
1995:3-59.) 


and basement membrane breakdown.™*?’ Induction of a small 
lens vesicle that fails to undergo normal separation from the 
surface ectoderm is one of the characteristics of the teratogen- 
induced anterior segment dysgenesis described in animal mod- 
els. Anterior lenticonus and anterior capsular cataracts as 
well as anterior segment dysgenesis may result from faulty 
keratolenticular separation. Additional discussion of anterior 
segment dysgenesis occurs later in this chapter. 

Following detachment from the surface ectoderm (day 25 in 
the dog), the lens vesicle is lined by a monolayer of cuboidal 
cells surrounded by a basal lamina, the future lens capsule. The 


primitive retina promotes primary lens fiber formation in the 
adjacent lens epithelial cells. Surgical rotation of the chick 
lens vesicle by 180° results in elongation of the lens epithelial 
cells nearest the presumptive retina, regardless of the orienta- 
tion of the transplanted lens.”* Thus, while the retina develops 
independently of the lens, the lens appears to be dependent on 
the retinal primordium for its differentiation. The primitive 
lens filled with primary lens fibers is the embryonic lens 
nucleus. In the adult, the embryonic nucleus is the central 
sphere inside the Y sutures; there are no sutures within the 
embryonal nucleus (Figs. 1.11A and 1.12). 
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Figure 1.6. Cross-section at the level of the optic vesicle. Note that the neural tube is closed. The surface ectoderm now covers the surface of the fore- 
brain, and the neural ectoderm is completely internalized. The surface ectoderm cells overlying the optic vesicles enlarge to form the early lens placode. 
(Reprinted with permission from Cook C, Sulik K, Wright K. Embryology. In: Wright KW, ed. Pediatric ophthalmology and strabismus. St. Louis: Mosby—Year 


Book, 1995:3-59.) 
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Figure 1.7. Transection showing invaginating lens placode and optic 
vesicle (arrows), thus creating the lens vesicle within the optic cup. Note the 
orientation of the eyes 180° from each other. (Reprinted with permission 
from Cook C, Sulik K, Wright K. Embryology. In: Wright KW, ed. Pediatric 
Ophthalmology and Strabismus. St. Louis: Mosby—Year Book, 1995:3-59.) 


At birth, the lens consists almost entirely of lens nucleus, 
with minimal lens cortex. Lens cortex continues to develop 
from the anterior cuboidal epithelial cells, which remain 
mitotic throughout life. Differentiation of epithelial cells into 
secondary lens fibers occurs at the lens equator (i.e., lens bow) 
(Fig. 1.11B). Lens fiber elongation is accompanied by a corre- 
sponding increase in cell volume and a decrease in intercellu- 
lar space within the lens.” The lens fibers exhibit a hexagonal 
cross-sectional shape and extensive surface interdigitations 
(Figs. 1.11C, D). The secondary lens fibers course anteriorly 
and posteriorly around the embryonal nucleus to meet at the 
Y sutures (Fig. 1.13). 

The zonule fibers are termed the tertiary vitreous, but their 
origin remains uncertain. The zonules may form from the 


developing ciliary epithelium or the endothelium of the pos- 
terior tunica vasculosa lentis (TVL). Abnormalities could 
result in congenital ectopia lentis. Congenitally displaced 
lenses are often small and abnormally shaped (i.e., 
spherophakia), indicating a possible relationship between 
zonule traction and lens shape. Localized absence of zonules 
may result in a flattened lens equator, often described inaccu- 
rately as a lens coloboma. 


VASCULAR DEVELOPMENT 


The hyaloid artery is the termination of the primitive oph- 
thalmic artery, a branch of the internal ophthalmic artery, and it 
remains within the optic cup following closure of the optic fis- 
sure. The hyaloid artery branches around the posterior lens cap- 
sule and continues anteriorly to anastomose with the network of 
vessels in the pupillary membrane (Figs. 1.14 and 1.15A, B).*° 
The pupillary membrane consists of vessels and mesenchyme 
overlying the anterior lens capsule. This hyaloid vascular net- 
work that forms around the lens is called the anterior and poste- 
rior TVL. The hyaloid artery and associated TVL provide 
nutrition to the lens and anterior segment during its period of 
rapid differentiation. Venous drainage occurs via a network near 
the equatorial lens, in the area where the ciliary body will even- 
tually develop. There is no discrete hyaloid vein.*° 

Once the ciliary body begins actively producing aqueous 
humor, which circulates and nourishes the lens, the hyaloid 
system is no longer needed. The hyaloid vasculature and TVL 
reach their maximal development by day 45 in the dog and 
then begin to regress. 

As the peripheral hyaloid vasculature regresses, the retinal 
vessels develop. Vascular endothelial growth factor (VEGF)-A 
is a potent angiogenic peptide in the retina; antibody neutraliza- 
tion in vivo results in reduction in the hyaloid and retinal vascu- 
lature.*' Spindle-shaped mesenchymal cells from the wall of the 
hyaloid artery at the optic disc form buds (angiogenesis) that 
invade the nerve fiber layer. In contrast, vasculogenesis is the 
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Figure 1.8. A. Mouse embryo on day 10 of gestation (29 somite pairs, equivalent to day 17 in the dog). On external examination, the invaginating lens placode 
can be seen (arrow). Note its position relative to the maxillary prominence (Mx) and mandibular (Mn) prominence of the first visceral arch. B. Frontal fracture 
through the lens placode (arrow) illustrates the associated thickening of the surface ectoderm (E). Mesenchyme (M) of neural crest origin is adjacent to the lens pla- 
code. As the precursor to the neural retina (NA), the distal portion of the optic vesicle concurrently thickens, whereas the proximal optic vesicle becomes a shorter, 
cuboidal layer that is the anlage of the retinal pigment epithelium (PE). The cavity of the optic vesicle (V) becomes progressively smaller. C. Light micrograph of the 
epithelium of the invagination lens placode (L). There is an abrupt transition between the thicker epithelium of the placode and the adjacent surface ectoderm, which 
is not unlike the transition between the future neural retina (NR) and pigment epithelium (PE). D. As the lens vesicle enlarges, the external opening of lens pore 
(arrow) becomes progressively smaller. The lens epithelial cells at the posterior pole of the lens elongate to form the primary lens fibers (L). NR, anlage of the neu- 
ral retina; PE, anlage of the pigment epithelium (now a short cuboidal layer). E. External view of the lens pore (arrow) and its relationship to the maxillary promi- 
nence (Mx). F. Frontal fracture reveals the optic fissure (*) where the two sides of the invaginating optic cup meet. This forms an opening in the cup, allowing access 
to the hyaloid artery (H), which ramifies around the invaginating lens vesicle (L). The former cavity of the optic vesicle is obliterated except in the marginal sinus (S), 
at the transition between the neural retina (NR) and the pigment epithelium. E, surface ectoderm. (Reprinted with permission from Cook C. Embryogenesis of con- 
genital eye malformations. Vet Comp Ophthalmol 1995;5:109-123.) 
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Figure 1.9. Formation of the lens vesicle and optic cup. Note that the optic fissure is present, because the optic cup is not yet fused inferiorly. A. Forma- 
tion of lens vesicle and optic cup with inferior choroidal or optic fissure. Mesenchyme (M) surrounds the invaginating lens vesicle. B. Surface ectoderm forms 
the lens vesicle with a hollow interior. Note that the optic cup and optic stalk are of surface ectoderm origin. (Reprinted with permission from Cook C, Sulik K, 


Wright K. Embryology. In: Wright KW, ed. Pediatric Ophthalmology and Strabismus. St. Louis: Mosby—Year Book, 1995:3-59.) 
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assembly of dispersed angioblasts into solid cords of mesenchy- 
mal cells that later canalize.**°> Controversy exists as to whether 
the process of retinal neovascularization occurs primarily 
through angiogenesis or vasculogenesis.**4 Recent studies 
indicate that spindle-shaped cells dispersed within the retina, 
previously thought to be angioblasts, may be immature retinal 
astrocytes, with retinal vascularization occurring primarily 
through angiogenesis.” The primitive capillaries have laminated 
walls consisting of mitotically active cells secreting basement 
membrane. Those cells in direct contact with the bloodstream 
differentiate into endothelial cells; the outer cells become peri- 
cytes. Zonulae occludens and gap junctions initially join adja- 
cent cells, but later, the capillary endothelium is continuous.*>"° 
The primitive capillary endothelial cells are multipotent and can 
redifferentiate into fibroblastic, endothelial, or muscle cells, 
possibly illustrating a common origin for these different tissue 


types.*° 


Neural ectoderm 


Figure 1.10. Cross-section through optic cup and optic fis- 
sure. The lens vesicle is separated from the surface ectoderm. 
Mesenchyme (M) surrounds the developing lens vesicle, and the 
hyaloid artery is seen within the optic fissure. (Reprinted with per- 
mission from Cook C, Sulik K, Wright K. Embryology. In: Wright 
KW, ed. Pediatric Ophthalmology and Strabismus. St. Louis: 
Mosby—Year Book, 1995:3-59.) 


Branches of the hyaloid artery become sporadically 
occluded by macrophages prior to their gradual atrophy.*” Pla- 
cental growth factor (PIGF) and VEGF appear to be involved 
in hyaloid regression.>!** Proximal arteriolar vasoconstriction 
at birth precedes regression of the major hyaloid vascula- 
ture.*? Atrophy of the pupillary membrane, TVL, and hyaloid 
artery occurs initially through apoptosis” and later through 
cellular necrosis*! and is usually complete by the time of eye- 
lid opening 14 days postnatally. 

The clinical lens anomaly known as Mittendorf’s dot is a 
small (1-2 mm) area of fibrosis on the posterior lens capsule, 
and it is a manifestation of incomplete regression of the 
hyaloid artery where it was attached to the posterior lens cap- 
sule. Bergmeister’s papilla represents a remnant of the hyaloid 
vasculature consisting of a small, fibrous glial tuft of tissue 
emanating from the center of the optic nerve. Both are fre- 
quently observed as incidental clinical findings. 
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Figure 1.11. 


A. Following detachment of the lens vesicle from the surface ectoderm (SE), the posterior lens epithelial cells—primary lens fibers (L) elon- 


gate, obliterating the lens vesicle lumen (equivalent to day 29 of gestation in the dog). Invagination of the optic cup forms the inner neural retina (R) and the 
outer pigmented epithelium (PE). Mesenchyme of neural crest origin (M) surrounds the optic cup. B. Lens bow illustrating elongation of secondary lens 
fibers. C and D. Longitudinal view (C) and cross-section (D) of secondary lens fibers, illustrating the extensive interdigitations and the relative absence of 
extracellular space. (Part A reprinted with permission from Sadler TW. Langman’s Medical Embryology. 5th ed. Baltimore: Williams & Wilkins, 1985:322. 
Parts B, C, and D reprinted with permission from Cook C, Sulik K, Wright K. Embryology. In: Wright KW, ed. Pediatric Ophthalmology and Strabismus. St. 


Louis: Mosby—Year Book, 1995:3-59.) 
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Figure 1.12. Overview of the developing eye surrounded by mes- 
enchyme (M), which is mostly of neural crest origin. The hyaloid vasculature 
enters the optic cup through the optic fissure and surrounds the lens with 
capillaries that anastomose with the TVL. Axial migration of mesenchyme 
forms the corneal stroma and endothelium. (Reprinted with permission from 
Cook C, Sulik K, Wright K. Embryology. In: Wright KW, ed. Pediatric Oph- 
thalmology and Strabismus. St. Louis: Mosby—Year Book, 1995:3-59.) 
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Figure 1.13. Secondary lens fibers and Y sutures. Secondary lens 
fibers elongate at the equator to span the entire lens, from the anterior 
to the posterior Y suture. The anterior Y suture is upright; the posterior 
Y suture is inverted. (Reprinted with permission from Cook C, Sulik K, 
Wright K. Embryology. In: Wright KW, ed. Pediatric Ophthalmology 
and Strabismus. St. Louis: Mosby—Year Book, 1995:3-59.) 


Figure 1.14. The hyaloid vascular system and TVL. 
(Reprinted with permission from Cook C, Sulik K, Wright K. 
Embryology. In: Wright KW, ed. Pediatric Ophthalmology and 


Lid bud Strabismus. St. Louis: Mosby—Year Book, 1995:3-59.) 
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DEVELOPMENT OF THE CORNEA AND 
ANTERIOR CHAMBER 


The anterior margins of the optic cup advance beneath the surface 
ectoderm and adjacent neural crest mesenchyme after lens vesi- 
cle detachment (day 25 in the dog). The surface ectoderm overly- 
ing the optic cup (i.e., the presumptive corneal epithelium) 
secretes a thick matrix, the primary stroma.*** This acellular 
material consists of collagen fibrils and glycosaminoglycans. 
Mesenchymal neural crest cells migrate between the surface 
ectoderm and the optic cup, using the basal lamina of the lens 
vesicle as a substrate . Proteolysis of collagen IX triggers hydra- 
tion of the hyaluronic acid, creating the space for cellular migra- 
tion.“ Initially, this loosely arranged mesenchyme fills the future 
anterior chamber, and it gives rise to the corneal endothelium and 
stroma, anterior iris stroma, ciliary muscle, and most structures of 
the iridocorneal angle (Fig. 1.16A). The presence of an adjacent 
lens vesicle is required for induction of corneal endothelium, 
identified by their production of the cell adhesion molecule 
n-cadherin.* Type I collagen fibrils and fibronectin secreted by 
the developing keratocytes form the secondary corneal stroma. 
Subsequent dehydration results in much of the fibronectin being 


lost and in a 50% reduction in stromal thickness.°“° The endothe- 
lium also is important to the dehydration of the stroma. Patches of 
endothelium become confluent and develop zonulae occludens 
during days 30 to 35 in the dog, and during this period, 
Descemet’s membrane also forms. The cornea achieves relative 
transparency at the end of gestation in the dog. Following eyelid 
opening at approximately 14 days postnatal in the dog, there is an 
initial decrease in corneal thickness over 4 weeks, presumably as 
the corneal endothelium becomes functional. Then, a gradual 
increase in thickness occurs over the next 6 months.“ 

Neural crest migration anterior to the lens to form the 
corneal stroma and iris stroma also results in formation of a 
solid sheet of mesenchymal tissue, which ultimately remodels 
to form the anterior chamber. The portion of this sheet that 
bridges the future pupil is called the pupillary membrane (Figs. 
1.16B, C, D). Vessels within the pupillary membrane form the 
TVL, which surrounds and nourishes the lens. These vessels are 
continuous with those of the primary vitreous (.e., hyaloid). 
The vascular endothelium is the only intraocular tissue of meso- 
dermal origin; even the vascular smooth muscle cells and peri- 
cytes that originate from mesoderm in the rest of the body are 
of neural crest origin.” In humans, the endothelial lining 
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Figure 1.15. A. Scanning electron micrograph of a mouse embryo at 14 days of gestation (equivalent to day 32 in the dog). The hyaloid vasculature 
enters the optic cup through the optic stalk, and it surrounds the lens (L) with capillaries that anastomose with the TVL. Axial migration of mesenchyme forms 
the corneal stroma and endothelium (C). The retina (R) is becoming stratified, whereas the pigment epithelium (PE) remains cuboidal. B. The retina 
becomes stratified into an inner marginal zone and an outer nuclear zone. Note that the inner marginal zone is most prominent in the posterior pole. C, 
cornea; H, hyaloid artery; L, lens; R, retina; PE, pigment epithelium. C. Segregation of the retina into inner (IN) and outer (ON) neuroblastic layers. The gan- 
glion cells are the first to differentiate, giving rise to the nerve fiber layer (arrowhead). The pigment epithelium (PE) has become artifactually separated in this 
specimen. D. Differentiation of the retina progresses from the central to the peripheral regions. Centrally, the inner (/N) and outer (ON) neuroblastic layers are 
apparent, with early formation of the nerve fiber layer (arrowhead). Peripherally, however, the retina consists of a single nuclear zone. Between the inner and 
outer neuroblastic layers is a clear zone, the transient fiber layer of Chievitz. This stage is equivalent to day 32 in the dog. PE, pigment epithelium. (Part A 
reprinted with permission from Sulik KK, Schoenwold GC. Highlights of craniofacial morphogenesis in mammalian embryos, as revealed by scanning elec- 
tron microscopy. Scan Electron Microscopy 1985;4:1735-1752. Parts B, C, and D reprinted with permission from Cook C, Sulik K, Wright K. Embryology. In: 
Wright KW, ed. Pediatric Ophthalmology and Strabismus. St. Louis: Mosby—Year Book, 1995:3-59.) 


of Schlemm’s canal, like the vascular endothelium elsewhere, is 
of mesodermal origin. In the dog, atrophy of the pupillary mem- 
brane begins by day 45 of gestation and continues during the 
first 2 postnatal weeks.” Separation of the corneal mesenchyme 
(neural crest—cell origin) from the lens (surface ectoderm ori- 
gin) results in formation of the anterior chamber. 

In a microphthalmic or nanophthalmic globe, the cornea is 


tact occurs earlier or later than normal, the ectoderm may not 
be fully capable of responding appropriately, resulting in 
microcornea. 


DEVELOPMENT OFTHE IRIS, CILIARY 
BODY, AND IRIDOCORNEAL ANGLE 


correspondingly reduced in diameter. The term microcornea 
is used to describe a cornea that is proportionally smaller than 
normal for the size of the globe. As with lens induction, deter- 
mination of the corneal diameter occurs at the time of contact 
by the optic vesicle with the surface ectoderm. This induction 
is also sensitive to timing; if the optic vesicle-ectoderm con- 


The two layers of the optic cup (neuroectoderm origin) consist 
of an inner, nonpigmented layer and an outer, pigmented layer. 
Both the pigmented and nonpigmented epithelium of the iris 
and the ciliary body develop from the anterior aspect of 
the optic cup; the retina develops from the posterior optic cup. 
The optic vesicle is organized with all cell apices directed to 


5 1 


Chapter 1: Ocular Embryology and Congenital Malformations e 15 


Figure 1.16. A. Scanning electron micrograph of a fetal human eye at approximately 42 days of gestation (equivalent to day 25 in the dog). The lens vesi- 
cle (L) has detached, and the neural crest-derived mesenchyme (M) is migrating axially between the optic cup (OC) and the surface ectoderm (SE). B. On 
day 54 in the human (day 32 in the dog), the pupillary membrane (PM) is seen within the anterior chamber. The corneal stroma (C) is apparent and is covered 
by the surface ectoderm (SE), which will become the corneal epithelium. OC, anterior margin of the optic cup, which will form the posterior epithelial layers of 
the iris, including the pupillary muscles. C. Light micrograph obtained at the same stage as in B illustrates the pupillary membrane and TVL (arrows) origi- 
nating from the mesenchyme at the margin of the optic cup (OP). The limbal condensation that will become the scleral spur is indicated by the arrowhead. 
AC, anterior chamber; C, cornea; L, lens. D. Scanning electron micrograph of a fetal human eye at approximately 63 days of gestation. The anterior chamber 
(AC) is deeper and still bridged by the pupillary membrane (PM). Endothelialization of clefts within the neural crest-derived corneal stroma (C) by mesoderm 
will form Schlemm’s canal (arrowhead) in the human eye. (Part A and D reprinted with permission from Cook C. Experimental models of anterior segment 
dysgenesis. Ophthalmic Paediatr Genet 1989;10:33-46. Parts A-D reprinted with permission from Cook C, Sulik K, Wright K. Embryology. In: Wright KW, ed. 


Pediatric Ophthalmology and Strabismus. St. Louis: Mosby—Year Book, 1995:3-59.) 


the center of the vesicle. During optic cup invagination, the 
apices of the inner and outer epithelial layers become adjacent. 
Thus, the cells of the optic cup are oriented apex to apex. 

A thin, periodic acid-Schiff—positive basal lamina lines the 
inner aspect (i.e., vitreous side) of the nonpigmented epithelium 
and retina (i.e., inner limiting membrane). By approximately 
day 40 of gestation in the dog, both the pigmented and nonpig- 
mented epithelial cells show apical cilia that project into the 
intercellular space. There also is increased prominence of Golgi 
complexes and associated vesicles within the ciliary epithelial 
cells. These changes, as well as the presence of “ciliary chan- 
nels” between the apical surfaces, probably represent the first 
production of aqueous humor. 


The iris stroma develops from the anterior segment mes- 
enchymal tissue (neural crest cell origin), and the iris pig- 
mented and nonpigmented epithelium originate from the 
neural ectoderm of the optic cup. The smooth muscle of the 
pupillary sphincter and dilator muscles ultimately differenti- 
ate from these epithelial layers, and they represent the only 
mammalian muscles of neural ectodermal origin. In avian 
species, however, the skeletal muscle cells in the iris are of 
neural crest origin, with a possible small contribution of 
mesoderm to the ventral portion.*”>? 

Differential growth of the optic cup epithelial layers results 
in folding of the inner layer, representing early, anterior ciliary 
processes (Fig. 1.16B). The ciliary body epithelium develops 
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from the neuroectoderm of the anterior optic cup, and the 
underlying mesenchyme differentiates into the ciliary 
muscles. Extracellular matrix secreted by the ciliary epithe- 
lium becomes the tertiary vitreous and ultimately develops 
into lens zonules. 

Three phases of iridocorneal angle maturation have been 
described.’ First is separation of anterior mesenchyme into 
corneoscleral and iridociliary regions (i.e., trabecular pri- 
mordium formation), followed by differentiation of ciliary 
muscle and folding of the neural ectoderm into ciliary 
processes. Second is enlargement of the corneal trabeculae 
and development of clefts in the area of the trabecular mesh- 
work, which is accompanied by regression of the corneal 
endothelium covering the angle recess. Third is postnatal 
remodeling of the drainage angle, associated with cellular 
necrosis and phagocytosis by macrophages, resulting in 
opening of clefts in the trabecular meshwork and outflow 
pathways. 

This change in the relationship of the trabecular meshwork 
to the ciliary body and iris root during the last trimester of 
human gestation occurs through differential growth with pos- 
terior movement of the iris and the ciliary body relative to the 
trabecular meshwork exposing the outflow pathways. This 
results in progressive deepening of the chamber angle and 
normal conformation of the ciliary muscle and ciliary 
processes.’ This is in contrast to previous theories of cleavage 
of the iris root from the cornea or atrophy of angle tis- 
sue.“*°657 Posterior movement of the iris and ciliary body 
results in exposure of the trabecular meshwork.*° 

In species born with congenitally fused eyelids (i.e., dog 
and cat), development of the anterior chamber continues 
during this postnatal period before eyelid opening. At birth, 
the peripheral iris and cornea are in contact. Pectinate liga- 
ments mature by 3 weeks, and rarefaction of the uveal and 
corneoscleral trabecular meshworks to their adult state 
occurs during the first 8 weeks after birth. There was no evi- 
dence of mesenchymal splitting, cell death, or phagocytic 
activity. 


RETINA AND OPTIC NERVE 
DEVELOPMENT 


Infolding of the neuroectodermal optic vesicle results in a 
bilayered optic cup with the apices of these two cell layers in 
direct contact. Primitive optic vesicle cells are columnar, but 
by 20 days of gestation in the dog, they form a cuboidal layer 
containing the first melanin granules in the developing 
embryo. The neurosensory retina develops from the inner, non- 
pigmented layer of the optic cup and the retinal pigment 
epithelium (RPE) originates from the outer, pigmented layer. 
Bruch’s membrane (the basal lamina of the RPE) is first seen 
during this time and becomes well developed over the next 
week, when the choriocapillaris is developing. By day 45, the 
RPE cells take on a hexagonal cross-sectional shape and 
develop microvilli that interdigitate with projections from pho- 
toreceptors of the nonpigmented (inner) layer of the optic cup. 


At the time of lens placode induction, the retinal pri- 
mordium consists of an outer, nuclear zone and an inner, 
marginal (anuclear) zone. Cell proliferation occurs in the 
nuclear zone, with migration of cells into the marginal zone. 
This process forms the inner and outer neuroblastic layers, 
separated by their cell processes that make up the transient 
fiber layer of Chievitz (Figs. 1.15C, D). Cellular differentia- 
tion progresses from inner to outer layers and, regionally, 
from central to peripheral locations. Peripheral retinal differ- 
entiation may lag behind that occurring in the central retina 
by 3 to 8 days in the dog.” Retinal histiogenesis beyond 
formation of the neuroblastic layers requires induction by a 
differentiated RPE. There are several rodent models of RPE 
dysplasia resulting in failure of later retinal differentiation and 
subsequent degeneration.©*! Retinal ganglion cells develop 
first within the inner neuroblastic layer, and axons of the gan- 
glion cells collectively form the optic nerve. Cell bodies of the 
Miiller and amacrine cells differentiate in the inner portion of 
the outer neuroblastic layer. Horizontal cells are found in the 
middle of this layer; the bipolar cells and photoreceptors 
mature last, in the outermost zone of the retina.°?- 

Significant retinal differentiation continues postnatally, 
particularly in species born with fused eyelids. Expression of 
extracellular matrix elements, chondroitin sulfate, and heparin 
sulfate occurs in a spatiotemporally regulated manner, with a 
peak of chondroitin sulfate occurring at the time of eyelid 
opening. This corresponds to the period of photoreceptor dif- 
ferentiation.” At birth, the canine retina has reached a stage of 
development equivalent to the human at 3 to 4 months of ges- 
tation.®’ In the kitten, all ganglion cells and central retinal 
cells are present at birth with continued proliferation in the 
peripheral retina continuing during the first 2 to 3 postnatal 
weeks in dogs and cats.°7-°° 

Possibilities for retinal regeneration have recently become 
reality with the discovery of neural stem cells in the mature 
eye of warm-blooded vertebrates. These include cells at 
the retinal margin, pigmented cells in the ciliary body and iris, 
nonpigmented cells in the ciliary body, and Müller glia within 
the retina. Under the influence of growth factors, these neu- 
roectodermal cells in the avian are capable of undergoing dif- 
ferentiation into retinal cells.”° 


SCLERA, CHOROID, AND TAPETUM 


These neural crest—derived tissues are all induced by the outer 
layer of the optic cup (future RPE). Normal RPE differentia- 
tion is a prerequisite for normal development of the sclera and 
choroid. The choroid and sclera are relatively differentiated at 
birth, but the tapetum in dogs and cats continues to develop 
and mature during the first 4 months postnatally. The initially 
mottled, blue appearance of the immature tapetum is replaced 
by the bluish green to yellowish orange color of the adult. 
These color variations seen in immature dogs can prove a 
challenge to accurate funduscopic assessment. 

Posterior segment uveoscleral colobomas most often result 
from a primary RPE abnormality. Subalbinotic animals have a 


higher incidence of posterior segment colobomas with 
reduced RPE pigmentation being a marker for abnormal RPE 
development.” The most common example is the choroidal 
hypoplasia of collie eye anomaly.” 


VITREOUS 


The primary vitreous forms posteriorly between the primitive 
Jens and the inner layer of the optic cup (Figs. 1.10 and 1.12). 
In addition to the vessels of the hyaloid system, the primary 
vitreous also contains mesenchymal cells, collagenous fibril- 
lar material, and macrophages. The secondary vitreous forms 
as the fetal fissure closes, and it contains a matrix of cellular 
and fibrillar material, including primitive hyalocytes, mono- 
cytes, and hyaluronic acid.” Identification of microscopic 
vascular remnants throughout the vitreous in the vitreous of 
adult rabbits has led to speculation for interactive remodeling 
of the primary vitreous to form secondary vitreous.’>’° 
Plasma proteins enter and leave the vitreous, and in the chick, 
there is a concentration of 13% of that found in plasma until a 
decline to 4% of plasma levels occurs during the last week 
prior to hatching.!” Primitive hyalocytes produce collagen fib- 
rils that expand the volume of the secondary vitreous. 

The tertiary vitreous forms as a thick accumulation of col- 
lagen fibers between the lens equator and the optic cup. These 
fibers are called the marginal bundle of Drualt, or Drualt’s 
bundle. Drualt’s bundle has a strong attachment to the inner 
layer of the optic cup, and it is the precursor to the vitreous 
base and lens zonules. The early lens zonular fibers appear to 
be continuous with the inner, limiting membrane of the non- 
pigmented epithelial layer covering the ciliary muscle. Elastin 
and emulin (protein located at the elastin—microfibril 
interface) have been identified in developing zonules and 
Descemet’s membrane.’”’5 Experimental exposure of chick 
embryos to homocysteine results in deficient zonule develop- 
ment and congenital lens luxation.” 

Atrophy of the primary vitreous and hyaloid leaves a clear, 
narrow central zone, which is called Cloquet’s canal. In the 
mouse, Doppler ultrasound biomicroscopy has been used to 
document in vivo the decrease in blood velocity associated 
with hyaloid regression between birth and postnatal day 13.8 
Most of the posterior vitreous gel at birth is secondary vitre- 
ous, with the vitreous base and zonules representing tertiary 
vitreous. 


OPTIC NERVE 


Axons from the developing ganglion cells pass through vac- 
uolated cells from the inner wall of the optic stalk. A glial 
sheath forms around the hyaloid artery. As the hyaloid artery 
regresses, the space between the hyaloid artery and the glial 
sheath enlarges. Bergmeister’s papilla represents a remnant of 
these glial cells around the hyaloid artery. Glial cells migrate 
into the optic nerve and form the primitive optic disc. The glial 
cells around the optic nerve and the glial part of the lamina 
cribrosa come from the inner layer of the optic stalk, which is 
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of neural ectoderm origin. Later, a mesenchymal (neural crest 
origin) portion of the lamina cribrosa develops. Myelinization 
of the optic nerve begins at the chiasm, progresses toward the 
eye, and reaches the optic disc after birth. 


EYELIDS 


The eyelids develop from surface ectoderm, which gives rise to 
the epidermis, cilia, and conjunctival epithelium. Neural crest 
mesenchyme gives rise to deeper structures, including the der- 
mis and tarsus. The eyelid muscles (i.e., orbicularis and levator) 
are derived from craniofacial condensations of mesoderm called 
somitomeres. In the craniofacial region, presumptive connective 
tissue-forming mesenchyme derived from the neural crest 
imparts spatial patterning information upon myogenic cells that 
invade it.! The upper eyelid develops from the frontonasal 
process; the lower eyelid develops from the maxillary process. 
The lid folds grow together and elongate to cover the developing 
eye (Fig. 1.17). The upper and lower lids fuse on day 32 of gesta- 
tion in the dog. Separation occurs 2 weeks postnatally. 


EXTRAOCULAR MUSCLES 


The extraocular muscles arise from mesoderm in somitomeres 
(i.e., preoptic mesodermal condensations).***? Spatial organi- 
zation of developing eye muscles is initiated before they inter- 
act with the neural crest mesenchyme. Patterning of the 
segmental somitomeres follows that of the neural crest: somit- 
omere I (forebrain), somitomere III (caudal midbrain), somit- 
omeres IV and VI (hindbrain). From studies of chick 
embryos, it has been shown that the oculomotor-innervated 
muscles originate from the first and second somitomeres, the 
superior oblique muscle from the third somitomere, and the 
lateral rectus muscle from the fourth somitomere.” The entire 
length of these muscles appears to develop spontaneously 
rather than from the orbital apex anteriorly, as had been previ- 
ously postulated.?'”? Congenital abnormalities are rarely 
identified and reported in the dog”; this may be a result of 
several factors, including that the extraocular muscles are nor- 
mally less well developed in domestic mammals compared 
with man and our limited ability to assess minor abnormalities 
that would be manifest as impaired binocular vision. 


DEVELOPMENTAL OCULAR ANOMALIES 


Cyclopia and Synophthalmia 


Formation of a single-median globe (i.e., cyclopia) or two 
incomplesely separated or fused glohes Ge., sypophthalmia) 


may occur by two different mechanisms. The “fate maps,” 
which have been produced for amphibian embryos, have 
revealed the original location of the neural ectodermal tissue 
that will form the globes as a single, bilobed area crossing the 
midline in the anterior third of the trilaminar embryonic disc. 
An early defect in separation of this single field could result in 
the formation of one or more median globes. After separation 
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Figure 1.17. A. Lateral view of the head of a human embryo at 6 weeks of gestation. The individual hillocks that will form the external ear can be identified both 
cranial and caudal to the first visceral groove (arrow). The developing eye is adjacent to the maxillary prominence (Mx). LB, forelimb bud. B. Frontal view of the head 
of ahuman embryo at 8 weeks of gestation. Formation of the face is largely complete, and the eyelids are beginning to close. C. Eyelid closure begins at the medial 
and lateral canthi and progresses axially. D. Light micrograph of the eyelid marginal epithelium in a mouse at day 15 of gestation. The actively migrating epithelium 
forms a cluster of cells adjacent to the corneal epithelium. E and F. Surface view of the fused eyelids from a human embryo at 10 weeks of gestation. (Parts A, B, E, 
and F reprinted with permission from Sulik KK, Schoenwolf GC. Highlights of craniofacial morphogenesis in mammalian embryos, as revealed by scanning elec- 
tron microscopy. Scan Electron Microscopy 1985;4:1735-1752. Part D reprinted with permission from Cook CS, Sulik KK. Sequential scanning electron micro- 
scopic analyses of normal and spontaneously occurring abnormal ocular development in C57B1/6J mice. Scan Electron Microscopy 1986;3:1215-1227.) 


Figure 1.18. Synophthalmos in a Holstein calf, etiology unknown. Note the 
single median globe, palpebral fissure, cornea, and pupil. (Courtesy of Dr. B. 
Wilcock.) 


into bilateral optic vesicles, later loss of the midline territory 
in the embryo could result in fusion of the ocular fields. This 
loss of midline territory is seen in holoprosencephaly, and the 
facial features characteristic of human fetal alcohol syndrome 
represent a mild end of the holoprosencephalic spectrum.”*” 
Cases of cyclopia or synophthalmos are invariably associated 
with severe craniofacial malformations (Fig. 1.18). 

Cyclopia is rarely identified in dogs.” However, in sheep, 
ingestion of the alkaloids cyclopamine and jervine from the weed 
Veratrum californicum by pregnant ewes on day 14 of gestation 
(total duration of gestation, 150 days) is the best-documented 
example of teratogen-induced cyclopia and synophthalmia in 
domestic animals.” It has been shown that cyclopamine 
specifically blocks the Sonic hedgehog (Shh) signaling path- 
way. 100.101.104 The specific timing for Veratrum-induced cyclopia 
in sheep corresponds to the period of gastrulation and formation 
of the neural plate before separation of the optic fields. Exposure 
to the alkaloid earlier in gestation results in fetal death; later 


Figure 1.19. Microphthalmia and persistent pupillary membranes in a 
Chow Chow puppy. Note that the size of the palpebral fissure is propor- 
tional to the reduced size of the globe as a whole. This is consistent with 
microphthalmia induced at the optic vesicle stage. 


exposure causes skeletal malformation or has no effect, thus 
demonstrating the importance of narrow, sensitive periods in 
development. 


Microphthalmia and Anophthalmia 


Microphthalmia may occur early in development through a 
deficiency in the optic vesicle or later through failure of nor- 
mal growth and expansion of the optic cup (Fig. 1.19). A-defi- 
cencyin_the size pf the globe gs.a whole is often associated 
with a correspondingly small, palpebral fissure. The fissure 
size is determined by the optic vesicle size during its contact 
with the surface ectoderm, so this supports a malformation 
sequence beginning at formation of the optic sulcus, optic 
vesicle, or earlier. Results from studies of teratogen-induced 
ocular malformations have been helpful in identifying sensi- 
tive developmental periods. Acute exposure to teratogens 
before optic sulcus formation results in an overall deficiency 
of the neural plate, with subsequent reduction in the optic 
vesicle size. When microphthalmia originates during develop- 


t ate/optic sulcus, it is often associated 
With nultiple ocular malformations, including apterjar seg- 
ent dysgenesis, cataract, retinal dysplasia, and persistence of 
the hyaloid. 

Later initiation of microphthalmia can occur through fail- 
uze to-establish early intraocular pressure.'°>!°° Placement of 
a capillary tube into the vitreous cavity of the embryonic chick 
eye reduces the IOP and markedly slows growth of the eye.!°” 
Histologic examination of the intubated eyes demonstrates a 
proportional reduction in the size of all ocular tissues except 
the neural retina and the lens, which are normal in size for the 
age of the eye. The retina in these eyes is highly convoluted, 
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filling the small posterior segment. Thus, it has been 
concluded that growth of the neural retina occurs independent 
of the other ocular tissues. Experimental removal of the lens 
does not alter retinal growth.'°* Growth of the-choroid and 
sclera-appear-to-depend on JOP, as-does folding of the ciliary 
çpithelium. Thus, fail fusion of the optic fissure can 


result 1 


ult in microphthalmia and associated malformations (i.e., 
colabomatous microphthalmia). A delay in closure of this fis- 
sure during a critical growth period may result in inadequate 


globe expansion as well. If the fissure eventually closes, how- 
ever, it may be difficult to distinguish between colobomatous 
and noncolobomatous microphthalmia. If the optic vesicle 
develops normally before abnormal (delayed) closure of the 
optic fissure, the palpebral fissure may not be reduced in size 
as much as the globe as a whole is reduced (Fig. 1.20). In most 
cases, microphthalmia occurs through a combination of 
cellular deficiency within the optic vesicle/cup compounded 
by failure of the optic fissure to close on schedule.?>.!! 

Anophthalmos represents an extreme in the spectrum of 
microphthalmos. In most cases, careful examination of the 
orbital contents will reveal primitive ocular tissue (i.e., actual 
microphthalmos). True anophthalmos results from a severe 
developmental deficiency in the primitive forebrain, at a stage 
before optic sulcus formation. This usually results in a nonvi- 
able fetus. 

Microphthalmos in domestic animals occurs sporadically 


and is associated with multiple malformations (Table 1.3), 
including anferior segment dysgenesis, "115 cataract,"0-17 
persistent hyperplastic primary yitreoys,!"""* and retinal 
dysplasia ae e In the Dokerman-pinscher, microph- 


thalmia, anteri gment dysgenesis, and retinal d jaare 
thoughtto he inherited as autasomal recessive traits.'! Inher- 
ited microphthalmia in Texas sheep has as its primary event 
abnormal development with involution of the lens vesicle 


Figure 1.20. Microphthalmia and an inferior coloboma of the scleral 
and uveal tissue allowing vitreous prolapse into the subconjunctival space. 
Note the relatively larger, palpebral fissure than that seen in Fig. 1.19, 
which is consistent with colobomatous microphthalmia in which globe 
expansion is impaired by the inability to establish IOP because of the optic 
fissure failing to close. Both mechanisms of microphthalmos may occur ina 
single eye. 
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followed by proliferation of dysplastic mesenchyme, which 
develops into cartilage, smooth muscle, fat, and lacrimal 
gland. !® 

A similar spectrum of multiple ocular malformations has 
been described as a presumably inherited condition associated 
with central nervous system malformations in Angus,!?” Short- 
horn,!? and Hereford!?®!30 cattle as well as in nondomestic 
species, including raptors,!! camel, !3? and white-tailed deer.!33 


Table 1.3. Anomalies Associated with Microphthalmia in Dogs 


Anomaly Breed Reference | 
Anterior segment 
dysgenesis Saint Bernard 111 
Doberman 112-115, 220 
Cataract Old English Sheepdog 125 
Akita 116 
Miniature Schnauzer 117 
Chow Chow 221 
Cavalier King Charles 
Spaniel 119 
English Cocker Spaniel 120 
Irish Wolfhound 124 
Retinal dysplasia St. Bernard 111 
Doberman 112-115 


Figure 1.21. 
excavation of the equatorial posterior segment. There is also a defect in the ciliary body (arrowhead), which was not apparent clinically. C. At the light 
microscopic level, defects such as this consist of a thin layer of sclera (S) lined by a glial membrane. Note the abrupt transition from normal retina, RPE, and 
choroid seen on the right to the sudden loss of RPE and choroid at the level indicated by the arrow. (Reprinted with permission from Cook C, Burling K, 
Nelson E. Embryogenesis of posterior segment colobomas in the Australian shepherd dog. Prog Vet Comp Ophthalmol 1991;1:163-170.) 


Colobomatous microphthalmia is initiated later in gestation, as 
described in the next section. 

In swine, congenital microphthalmia has been historically 
reported to be associated with maternal vitamin A defi- 
ciency.!*4-!36 Conversely, maternal excess of vitamin A and its 
analogue, retinoic acid, has been demonstrated to result in ter- 
atogenic ocular and craniofacial malformations in humans 
and laboratory animals,?>110137.138 


Colobomatous Malformations 


A coloboma refers broadly to any congenital (present at birth) 
tissue defect. Ocular colobomas most frequently involve the 
vascular tunic of the eye, namely the iris and choroid. The 
spectrum encompasses minor defects (i.e., dyscoria) as well 
as major defects (1.e., aniridia). Aniridia occurs rarely in ani- 
mals!*°-'*° but is seen as a malformation in humans associated 
with genetic syndromes, including Rieger syndrome (PITX2 
gene)'4! and PAX6 gene mutations.!*” The iris stroma devel- 
ops from neural crest mesenchyme induced by the bilayered 
epithelium of the anterior optic cup. Thus, a complete and 
full-thickness defect in the iris most likely results from incom- 
plete axial expansion of the anterior optic cup. Iris hypoplasia 
represents the mild spectrum of this type of coloboma and is 
seen frequently in dogs (particularly those breeds character- 
ized by subalbinism) and has been recognized as a genetic 
syndrome in horses. !* 


A and B. Clinical (A) and gross (B) photographs of the ocular fundus of an adult Australian Shepherd dog affected with MOD. Note the large 


The classic explanation for localized colobomatous 
malformations involves failure of the optic fissure to close. 
Such failure may result in secondary “colobomatous” 
microphthalmia (described previously), and in experimental 
models, there may be deviation of the fissure by 90° or more. 
When defects are located in any inferior location (particularly 
in a small globe), this is the most likely explanation. 

Many colobomatous defects, however, occur in other loca- 
tions.!“*-!4° Differentiation of the neural crest-derived stroma 
of the choroid and iris is determined by the adjacent structures 
of the outer layer of the optic cup: anteriorly, the iris and 
ciliary epithelium, and posteriorly, the RPE. In sequential 
analyses of animals exhibiting primary abnormalities in 
differentiation of the outer layer of the optic cup, anterior and 
posterior segment colobomas are associated with the uveal 
epithelium/RPE defects.°!47148 
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Prenatal studies of colobomas in the Australian Shepherd 
dog have demonstrated a primary defect in the RPE, resulting 
in hypoplasia of the adjacent choroid and sclera (Figs. 1.21 
and 1.22).'*8 This condition is referred to as merle ocular dys- 
genesis (MOD) because of the correlation with the merle coat 
coloration.’' A similar spectrum has been identified in cat- 
tle,4° Great Dane dogs, and cats'*® exhibiting incomplete 
albinism. It is likely that the subalbinism is associated with 
abnormal RPE that fails to induce the overlying neural crest. 

Choroidal hypoplasia in the Collie dog (i.e., Collie eye 
anomaly, or CEA)'*’ may represent a malformation sequence 
similar to that of MOD (Figs. 1.23 and 1.24). Differences 
between CEA and MOD are illustrated in Table 1.4. CEA has 
been widely described in the Collie,” Border Collie,!*° Shet- 


- land Sheepdog,'*’ and Australian Shepherd.'°! Variations of this 


congenital malformation, including scleral ectasia, sporadically 


Figure 1.22. Sequential histology of merle ocular dysgenesis. A. Normal canine eye on day 30 of gestation. Note the cuboidal appearance of the nonpig- 
mented RPE (*), which is closely apposed to the neural retina (r). The nuclei closest to the RPE are those of the outer neuroblastic layer. M, periocular 
mesenchyme—anlage of the choroid and sclera. B. MOD-affected eye on day 35 of gestation. The RPE (*) is shorted and contains a few intracytoplasmic 
vacuoles. C and D. MOD-affected eye on day 35 of gestation. The RPE (*) has become progressively thinner and exhibits a large number of vacuoles. Sepa- 
ration of the degenerating RPE from the neural retina also can be seen. (Reprinted with permission from Cook C, Burling K, Nelson E. Embryogenesis of 
posterior segment colobomas in the Australian shepherd dog. Prog Vet Comp Ophthalmol 1991;1:163-170.) 
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occur in other breeds as well.!* It has been demonstrated that 
choroidal hypoplasia associated with CEA segregates as an 
autosomal recessive trait with nearly 100% penetrance. !°? 


Dermoid 


The presence of aberrant tissue (e.g., skin, cartilage, bone) 
within the orbit may originate early in development through 


abnormal differentiation of an isolated group of cells. Arrest or 


Figure 1.23. A. Fundus photograph of choroidal hypoplasia associated 
with Collie eye anomaly. Note the white sclera with superimposed choroidal 
and retinal vasculature. B. Optic nerve coloboma in a Collie affected with 
collie eye anomaly. The coloboma is located temporally adjacent to an area 
of mild choroidal hypoplasia (identified by absence of tapetum and visible 
choroidal vasculature). 


inclusions of epidermal and connective tissues (i.e., surface ecto- 
derm and neural crest) may occur during closure of the fetal 
clefts. Abnormal invagination of ectodermal tissue later in gesta- 
tion may result in a pocket of well-differentiated dermal tissue. 
Eyelid dermoids may occur though isolation of an island of ecto- 
derm, later forming a nodule of tissue that is, strictly speaking, 
not abnormal in location but in configuration, a nonneoplastic 
overgrowth of tissue disordered in structure (Fig. 1.25). These 


Figure 1.24. Gross photograph of an optic nerve coloboma in a Collie. 
Note the excavation of thinned sclera lined by glial tissue (neuroectoderm) 
continuous with retina. (Reprinted with permission from Wilcock, B. Patho- 
logic Basis of the Veterinary Disease, 4th ed. McGavin MD, Zachary JF, 
eds. Elsevier, in press). 


Figure 1.25. Eyelid dermoid in a Boxer dog. The tissue is histologically 
normal skin in a grossly normal location, but abnormal in configuration, rep- 
resenting a hamartoma. (Courtesy of Dr. R. Peiffer.) 


l 
l 
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tissue overgrowths are termed hamartomas (1.e., benign tissue 
mass resulting from faulty development). Limbal dermoids rep- 
resent choristomas (i.e., mass formed by tissue not normally 
found at this site) (Fig. 1.26). Both eyelid epidermis and corneal 
epithelium originate from surface ectoderm, following induction 
by the optic vesicle, and there appears to be a narrow period dur- 
ing which the surface ectoderm can respond to inductive influ- 
ences to produce a normal lens. The same may be true for 
induction of the cornea. Dermoids are seen in all species as an 
incidental finding, and they are seen as an inherited condition in 
cattle and some dog breeds.!>*!> 


Anterior Segment Dysgenesis 


The anterior segment dysgeneses identified in humans encom- 
pass a broad range of malformations, including Peters’ anomaly, 
Axenfeld-Rieger syndrome, iridocorneal endothelium syndrome, 
posterior polymorphous dystrophy, and Sturge-Weber syndrome. 
Similar anomalies have been described in domestic animals, gen- 
erally as sporadic occurrences, '#° 156-158 Anterior segment dysge- 
nesis is often associated with microphthalmia.!!!-!!> 


Table 1.4. Comparative Features of Merle Ocular Dysgenesis and 
Collie Eye Anomaly 


Merle Ocular 

Dysgenesis Collie Eye Anomaly 
Coat color Homozygous Merle No correlation 
Microphthalmia Frequent Rare/mild 
Choroidal Extensive scleral/ Common, localized 
hypoplasia retinal defects 
Optic nerve 
coloboma Rare Frequent 
Cataract Frequent Rare 
Iris coloboma Frequent Rare 


Reprinted with permission from Cook C, Burling K, Nelson E. Embryogenesis of 
posterior segment colobomas in the Australian shepherd dog. Prog Vet Comp 
Ophthalmol 1991;1:163-170. 


Figure 1.26. Limbal dermoid in a Pekingese dog. This is an example of a 
choristoma (histologically normal tissue in an abnormal location). (Courtesy 
of Dr. R. Peiffer.) 
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In domestic animals, persistent pupillary membranes 
represent the most common manifestation of anterior segment 
dysgenesis. In the embryo, the pupillary membrane forms a solid 
sheet of tissue that is continuous with the iris at the level of the 
collarette (Fig. 1.19). Regression occurs during the first 2 postna- 
tal weeks, before eyelid opening in the dog. Persistence of some 
pupillary membrane strands was noted in 0.7% of 575 Beagles 


Figure 1.27. Clinical features of Peters’ anomaly (anterior segment 
dysgenesis) resulting from abnormal separation of the lens vesicle from the 
surface ectoderm. A. Persistent pupillary membrane. B. Corneal opacity 
associated with defect in corneal endothelium, Descemet’s membrane, and 
corneal stroma (neural crest). C. Iris hypoplasia. D. Anterior lenticonus and 
anterior polar cataract associated with partial defect in anterior lens 
capsule. (Drawing by Farid Mogannam.) 


Figure 1.28. Clinical photograph of a puppy with Peters’ anomaly 
exhibiting microphthalmia, a central corneal opacity, anterior axial cataract, 
and persistent pupillary membranes. 
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aged 16 to 24 weeks.!°? Inherited persistent pupillary membranes 
occur in the Basenji dog,'°'®! and they may be associated with 
comeal or lens opacities (or both) at the site of membrane attach- 
ments. Complete persistence of a sheet of tissue bridging the 
pupil is rare and results in visual impairment. Persistent pupillary 
membranes also occur sporadically in other breeds.!° 

Because most structures of the ocular anterior segment are of 
neural crest origin, it is tempting in cases of anterior segment 
anomalies to incriminate this cell population as being abnormal 
in differentiation, migration, or both. This theory has resulted in 
labeling these conditions, when they occur in humans, as ocular 
neurocristopathies, particularly when other anomalies exist in 


tissues that are largely derived from the neural crest (e.g., cranio- 
facial connective tissue, teeth).!°!°* When considering this 
theory, it is important to realize two concepts. First, the neural 
crest is the predominant cell population of the developing cran- 
iofacial region, particularly the eye. In fact, the list of ocular tis- 
sues not derived from neural crest is relatively small (see Table 
1.2). Thus, the fact that most malformations of this region 
involve crest tissues may reflect their ubiquitous distribution 
rather than their common origin. The normal development of the 
choroid and sclera (also of neural crest origin) in most of these 
“neural crest syndromes” argues against a primary neural crest 
anomaly. Second, the neural crest is an actively migrating 


Figure 1.29. Keratolenticular dysgenesis induced by teratogen exposure in mice. A. Mouse embryo following acute exposure to ethanol during 
gastrulation. Delay in separation of the lens vesicle (L) from the surface ectoderm (SE) results in an anterior lenticonus (*) and failure of the mesenchyme (M) 
to complete its axial migration to form the corneal stroma, endothelium, and iris stroma. R, retinal primordium. (Original magnification, 166X.) B, C, and D. 
Mouse embryo following acute exposure to 13-cis-retinoic acid during gastrulation. A large keratolenticular stalk (S) persists and is continuous axially with the 
surface ectoderm (SE). The arrow in B indicates the incompletely closed lens pore; D is a transmission electron microscopic view of the stalk seen in C. There 
is discontinuity between the lens epithelium (LE) and the stalk epithelium (S). Adjacent neural crest mesenchyme (M) is visible, and two layers of basement 
membrane can be seen in D: bridging the lens—stalk junction as well as dividing the two zones. Mechanical interference with the axial migration of neural crest 
cells is responsible in this model for malformations, which mimics Peters’ anomaly in the human. OC, optic cup. (Part A reprinted with permission from Cook 
CS, Nowotny AZ, Sulik KK. Eye malformations in a mouse model. Arch Ophthalmol 1987;105:1576-1581, Parts B, C, and D reprinted with permission from 
Cook CS, Sulik KK. Laminin and fibronectin in retinoid-induced keratolenticular dysgenesis. Invest Ophthalmol Vis Sci 1990;31:751-757.) 
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population of cells and can be easily influenced by adjacent cell 
populations. Thus, the perceived anomaly of neural crest tissue 
may, in many cases, be a secondary effect. 

Much of the maturation of the iridocorneal angle occurs 
late during gestation and during early postnatal life in the dog, 
but earlier events may influence development of the anterior 
segment. Anterior segment dysgenesis syndromes character- 
ized primarily by axial defects in corneal stroma and endothe- 
lium, accompanied by corresponding malformations in the 
anterior lens capsule and epithelium (i.e., Peters’ anomaly), 
most likely represent a manifestation of abnormal keratolen- 
ticular separation (Figs. 1.27 and 1.28). This spectrum of mal- 
formations that mimic Peters’ anomaly can be induced by 
teratogen exposure in mice before optic sulcus invagination 
(Figs. 1.29 and 1.30).?>-!!°!67 Similar syndromes of anterior 
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segment dysgenesis have been identified in humans following 
ethanol exposure. !68-170 

The size of the lens vesicle is determined by the area of contact 
between the optic vesicle and the surface ectoderm. Thus, factors 
influencing the size of the optic vesicle or the angle at which the 
optic vesicle approaches the surface ectoderm may affect the 
ultimate size of the lens vesicle. Microphakia resulting from optic 
vesicle deficiencies may be initiated very early in gestation (i.e., 
during formation of the neural plate). Microphakia associated 
with lens luxation has been described in two unrelated Siamese 
kittens!”!; because the globes were apparently otherwise normal, a 
primary abnormality in the lens placode ectoderm can be postu- 
lated. Aphakia is much more rare and may occur through failure of 
contact between the optic vesicle and the surface ectoderm during 
the period when the surface ectoderm can respond to its inductive 


EMBRYOGENESIS OF 
TERATOGEN-INDUCED EYE MALFORMATIONS 


EMBRYO 


forebrain deficiency 


small optic 
VORICIE A 


abnormal optic 
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ADULT 


small optic 
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sl optic cup ———> microphthalmia 


persistent optic fissure —» anterior and posterior 
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small lens vesicle 
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retinal vascular 
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attachment dysgenesis: 
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Figure 1.30. The relationship between microphthalmia and associated ocular malformations. An early embryonic insult (during gastrulation) leads to a 
deficiency in the forebrain and its derivatives, the optic sulci. The subsequently small optic vesicle often exhibits an abnormal relationship to the surface ecto- 
derm, which is programmed (by the underlying neural crest) to form the lens. The result is a spectrum of malformations in the adult, including microphthalmia, 
microphakia, colobomas, persistent hyperplastic primary vitreous, and anterior segment dysgenesis. ECM, extracellular matrix. (Reprinted with permission 
from Cook C. Embryogenesis of congenital eye malformations. Vet Comp Ophthalmol 1995;5:109-123.) 
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influences. Because the anterior lens epithelium is required for 
induction of the corneal endothelium, this early initiation of 
aphakia would be associated with anterior segment dysgenesis. 
Alternatively, normal induction of a lens vesicle followed by 
later involution would be expected to result in an eye with more 
normal anterior segment morphology. The lens aplasia (lap) 
mouse demonstrates faulty lens basement membrane formation 
associated with apoptosis and involution of the rudimentary lens 
vesicle.™172173 Sporadic cases of aphakia have been described in 
domestic animals, including a cat with associated retinal detach- 
ment but apparently normal iridocorneal structures (histopathol- 
ogy not available)!* and a litter of Saint Bernard puppies with 
multiple ocular malformations.''! In humans, in utero exposure 


Figure 1.31. Microphakia and spherophakia in a cat. Note the elon- 
gated ciliary processes. The globe was not microphthalmic, and this most 
likely represented a primary abnormality in the surface ectoderm destined 
to become lens placode. 


Figure 1.32. Nonpigmented ciliary body cysts in a cat. Note the flat- 
tened lens equator, which would incorrectly be called a lens coloboma. In 
this case, a medulloepithelioma of the ciliary body resulted both in the cysts 
and the localized absence of zonules. Failure of normal traction by the 
zonule on the lens equator resulted in this flattened appearance. (Case 
courtesy of K. Burling.) 


to rubella or parvovirus B can result in aphakia; anterior segment 
structures are variably affected.'* Abnormalities in lens shape 
(e.g., spherophakia, lens coloboma) may actually represent a 
primary abnormality in the ciliary processes, zonular fibers, or 
both, resulting in a lack of tension on the lens (Figs. 1.31 and 
1.32). Thus, the term coloboma may be inaccurate when used in 
reference to a flattened equatorial portion of the lens that is not a 
true lens defect. 


Uveal Cysts 


Uveal cysts occur through failure of adhesion of the inner 
and outer layers of the optic cup. They are most commonly 
identified as single or multiple spherical pigmented masses 


Figure 1.33. Iris cysts. A. Single iris cyst in a dog. B. Multiple iris cysts 
in a cat. In cats, these cysts are often thick-walled and remain attached to 
the posterior iris surface, causing anterior displacement of the iris and a 
shallow anterior chamber. 


| 
| 
| 


within the pupil or free-floating within the anterior chamber 
(Figs. 1.33 and 1.34). In the dog, they may be single or multi- 
ple and are often free-floating within the anterior chamber. 
They appear to have a genetic predilection. In the cat, they are 
more often thick-walled and remain attached to the posterior 
iris surface, causing anterior displacement of the iris and shal- 
lowing of the anterior chamber and may result in secondary 
glaucoma.'’> When they originate within the ciliary body they 
are nonpigmented (Fig. 1.32). 


Congenital Ocular Anomalies in Rocky 
Mountain Horses 


A syndrome of multiple ocular anomalies has been identified 
as a bilaterally symmetrical, inherited condition in the Rocky 
Mountain breed of horses!”°!77 (Fig. 1.35). The condition is 
characterized by cysts of the posterior iris, ciliary body, and 
peripheral retina, indicating failure of adhesion of the inner 
and outer layers of the optic cup. These cysts are consistently 
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Figure 1.34. Histologic appearance of a uveal cyst on the posterior iris 
surface. These cysts form beneath the posterior pigmented epithelium and 
frequently separate to become free-floating spheres within the anterior 
chamber. (Courtesy of Dr. R. Peiffer.) 


(c) 


Figure 1.35. Spectrum of ocular lesions seen in Rocky Mountain horses. A. A large translucent cyst arising from the lateral part of the ciliary body 
extends into the vitreous cavity and occupies part of the temporal pupillary axis of the right eye. B. Retinal dysplasia is characterized by numerous pigmented 
folds located in the superior peripapillary neurosensory retina. (Reprinted with permission from Ramsey, DT, et al.: Congenital ocular abnormalities of Rocky 
Mountain horses. Vet Ophthalmol 2:47-59, 1999.). C. Multiple, well-delineated, darkly pigmented curvilinear streaks of retinal pigment epithelium are pres- 
ent in the peripheral right tapetal fundus. These streaks originate and terminate at the ora ciliaris retinae and extend toward the optic papilla. They represent 
demarcation lines from previous retinal detachments and are referred to clinically as “high-water markers.” (Photos courtesy of Dr. D. Ramsey.) 
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located temporally, not associated with the optic fissure. Areas 
of current or previous retinal detachment were further mani- 
festations of abnormal cup invagination and adhesion. The 
spectrum of anterior segment malformations included mega- 
locornea, deep anterior chamber, iris hypoplasia, and cataract. 
Increased thickness of the central and peripheral corneas was 
noted and increased with age. Intraocular pressures were nor- 
mal.! 76 The syndrome appears to exhibit codominant inheri- 
tance, !4? 


Congenital Cataracts 


Congenital cataracts resulting from abnormal formation of 
primary or secondary lens fibers would be expected to be 
localized to the nuclear region, and they most likely would be 
nonprogressive. Abnormal lens vesicle invagination, separa- 
tion, or defects in the lens epithelium or capsule would result 
in a cataract (with or without anterior or posterior lenti- 
conus)!78 that would remain associated with the peripheral 
portion of the lens, with the secondary lens fibers forming 
underneath (e.g., Old English Sheepdog,'* Cavalier King 
Charles Spaniel''®). Congenital cataracts associated with mild 
microphthalmia in the Miniature Schnauzer!!™!!817 may 
result from early abnormalities in the lens placode/epithelium, 
and they may involve the lens nucleus, cortex, or both. In the 
Miniature Schnauzer, these lesions are recessively inherited, 
typically bilateral, and initially involve the posterior subcap- 
sular region with rapid progression.!!7'%° 


Congenital Glaucoma 


Malformations of the iridocorneal angle (i.e., goniodysgene- 
sis) have been described in several breeds, including the Basset 
Hound'*!.'® and the Bouvier des Flandres.'*° The iridocorneal 
angles of affected animals are malformed at birth, but the IOP 
often remains normal until middle age. Thus, the relationship 
between angle conformation and glaucoma is unclear. In 
English Springer Spaniels, a correlation was observed between 
pectinate ligament dysplasia and glaucoma.'** 

Goniodysgenesis is characterized by abnormal tissue 
bridging the ciliary cleft. During normal development, this 
sheet undergoes rarefaction to form the pectinate ligament 
during the first 3 postnatal weeks.>?!® Failure of this mem- 
brane to undergo normal atrophy is thought to result in 
goniodysgenesis. Congenital glaucoma associated with pre- 
sumed primary iridoschisis (i.e., degeneration of the anterior 
iris) has been described in a cat.'®° 


Persistent Hyperplastic Primary Vitreous/ 
Persistent Tunica Vasculosa Lentis (PHPV/PTVL) 


Variable persistence of the hyaloid occurs in association with 
many other types of malformations, including microphthalmia, 
microphakia, cataract, and retinal dysplasia (Fig. 1.36).'*7 
PHPV/PTVL may occur secondary to other malformations 
or as a primary, spontaneous failure of vascular regression. 
This condition has been described as an inherited trait in the 
Doberman!™!88 and the Bouvier des Flandres.!8 Normal vitre- 
ous may have antiangiogenic properties, and it may be essential 


for initiating regression of the hyaloid. Thus, the primary 
abnormality in PHPV/PTVL may rest with the product of the 
ciliary epithelium (i.e., secondary vitreous). 


Retinal Dysplasia 


Abnormal retinal differentiation results in rosettes and multifo- 
cal disorganization known as retinal dysplasia. Retinal folds 
without rosette formation may result from inequity in the rela- 
tive growth rates of the inner (i.e., retinal) and outer (i.e., RPE) 
layers of the optic cup (Figs. 1.37 and 1.38). This is a particularly 


Figure 1.36. Persistent hyperplastic primary vitreous associated with a 
posterior subcapsular cataract in a puppy. This eye is also microphthalmic. 


Figure 1.37. 
Cocker Spaniel. These appear as single or multiple white curvilinear 
streaks. Elevation of a retinal vessel crossing a fold (arrow) can be seen. 


Fundus photograph of retinal folds in a young American 


Figure 1.38. Histologic appearance of retinal folds. Note the normal 
stratification of the retinal layers and the mechanical distortion caused by 
disparate growth of the neural retina (inner optic cup) and the underlying 
RPE (outer optic cup). (Photo courtesy of Dr. R. Peiffer.) 


likely pathogenesis in cases in which the folds resolve as the 
animal matures; it is seen most commonly among Collies. These 
folds do not represent abnormal differentiation and thus are not 
accurately referred to as dysplasia. Simple folding in the retina 
has been described in the American Cocker Spaniel!®? and the 
Beagle.'”!?! The genetic relationship between simple folds and 
true retinal dysplasia is undetermined. 

True retinal dysplasia is characterized by disorganized devel- 
opment, the hallmark of which is the rosette. Abnormal or 
incomplete contact between the inner and outer layers of the 
optic cup during embryogenesis can result in dysplasia, the most 
severe form of which is associated with complete retinal nonat- 
tachment. This condition usually occurs in eyes that are 
microphthalmic with multiple ocular anomalies (e.g., Bedling- 
ton Terrier,!?*!°3 Sealyham Terrier). In the Labrador Retriever, 
retinal dysplasia genetically associated with skeletal anomalies 
is inherited as an autosomal dominant trait.!° A similar form of 
inherited skeletal-ocular dysplasia is seen in the Samoyed 
dog, '96197 

Multifocal retinal rosettes in a retina that is partially attached to 
the underlying RPE represent the most common form of retinal 
dysplasia (Figs. 1.39 and 1.40). This condition has been described 
extensively in the English Springer Spaniel.!°°~ Retinal dysplasia 
occurs sporadically in other breeds”?! and species.”°? Multifocal, 
“geographic” retinal dysplasia most likely represents a later initia- 
tion of retinal disorganization. The dysplastic changes are first 
apparent at 45 to 50 days of gestation. Focal loss of cell junctions of 
the external limiting membrane is seen, with proliferation of neu- 
roblasts in the retina forming rosettes.” 

Retinal differentiation and maturation in the dog continues 
during the first 40 days postnatal. In addition, maturation of 
the tapetum during the first 6 months results in an inconsistent 
ability to detect mild forms of retinal dysplasia in puppies less 
than 10 weeks of age.” 

An unusual form of RPE dysplasia with duplication of neu- 
ral retina in the outer layer of the optic cup has been described 
in several mutant mouse strains.©°! Large colobomas of the 
choroid and sclera in the areas adjacent to the dysplastic RPE 
illustrate the importance of this layer in coordinating differen- 
tiation of the neural crest. 
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Figure 1.39. Geographic retinal dysplasia in an English Springer 
spaniel. The retina is detached and lies just posterior to the lens; there are 
many folds visible. 


Figure 1.40. Histologic appearance of geographic retinal dysplasia. 
The retina exhibits disorganization and classic rosette formation. Note also 
the hypoplastic choroid. (Photo courtesy of Dr. R. Peiffer.) 


Viral-induced “retinal dysplasia” has been associated with 
early postnatal exposure to canine herpesvirus?’ and prena- 
tal exposure to bovine viral diarrhea virus,” =% bluetongue 
virus in lambs,”!? and feline panleukopenia virus.?"! 
Histopathologically, affected retinas are characterized by early 
inflammatory cell infiltrate and, later, by necrosis, gliosis, and 
diffuse disorganization of cell layers. Similar postnatal retinal 
disorganization can be induced in the dog by radiation expo- 
sure.”!13 These conditions are more accurately classified as 
teratogen-induced necrosis and degeneration than as dysplasia. 


Optic Nerve Hypoplasia 


Though difficult to document experimentally, optic nerve 
hypoplasia most likely results from a primary abnormality in 
the number or ultimate differentiation of the ganglion cells 
(Fig. 1.41). Hypovitaminosis A in cattle can result in stenosis 
of the optic foramen with secondary optic nerve degeneration, 
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Figure 1.41. Optic nerve hypoplasia in an 8-week-old Alsatian puppy. 
This was a unilateral lesion, and the pup presented with anisocoria. (Photo 
courtesy of Dr. R. Peiffer.) 


Figure 1.42. Eyelid coloboma in a kitten. The eyelid margin is absent 
from the temporal two thirds of the upper lid. There is keratitis due to expo- 
sure and trichiasis. The eye also exhibits microphthalmia, dyscoria, and 
persistent pupillary membranes. 


incorrectly labeled hypoplasia. Colobomas of the optic nerve 
result from failure of the optic fissure to close, as described 
for “typical” colobomas. Myelination of the optic nerve pro- 
gresses from the brain to the eye during the first 3 postnatal 
weeks.”!4 Reduction in the amount of myelinization leads to a 


Figure 1.43 A Cavalier King Charles Spaniel with bilateral lower eyelid 
colobomas. Note the notch defects in the central portion of the lower lids 
and the abnormal hair growth adjacent to the defects. 


small optic disc that can mimic hypoplasia but is unassociated 
with vision deficits. 


Eyelid Coloboma 


The eyelids and palpebral fissure are initially induced at the time 
of contact of the optic vesicle with the surface ectoderm. This is 
also the time of induction of the lens placode. Eyelid agenesis 
(coloboma) occurs in domestic cats, often with concurrent 
persistent pupillary membranes, keratolenticular dysgenesis, 
and subtle to severe microphthalmia (Fig. 1.42).7!5*!® Eyelid 
colobomas occur less commonly in dogs (Fig. 1.43) and a case 
of upper eyelid agenesis has also been described in a peregrine 
falcon.” 

The receptivity of the surface ectoderm to the inductive 
influences of the optic vesicle is highly spatiotemporally 
specific. The fairly consistent location of the defect in the tem- 
poral upper eyelid leads to suspicion of an abnormal orienta- 
tion of the optic vesicle as it approaches the surface ectoderm, 
possibly eccentrically contacting the surface ectoderm in an 
area that is only partially receptive. 
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Chapter 2 


Ophthalmic Anatomy 


Don A. Samuelson 


The eye is undoubtedly the most uniquely crafted sensory 
organ of the vertebrate body. Its design incorporates all the 
major tissues in a remarkable, cameralike fashion, allowing 
individuals to be aware of their surroundings by emission and 
reflection of light. Along the path of vertebrate evolution, the 
eye has largely retained the same basic components and 
manner of development even though animal habits, as well as 
animal habitats, have become broadly diverse. 

Nevertheless, each component or feature of the eye has 
undergone variable changes for one or more primary ecologic 
reasons. These changes, which have spawned additional second- 
ary changes, have resulted in formation of the present ocular pat- 
terns.! Of the different factors that have influenced changes in 
eye morphology and physiology, the presence, absence, and 
variations in the intensity of light have been most significant. 
Adaptations to light intensity and duration have resulted in the 
division of vertebrates among the animal kingdom into three 
broad categories: diurnal, nocturnal, and arrhythmic. 

Diurnal animals are essentially active during the day. They 
possess optimal visual acuity at that time and “poor” vision at 
night. Examples of diurnal animals are certain reptiles (e.g., 
turtles and colubrid snakes), many birds, nonhuman primates, 
marmots, squirrels, and pigs. Nocturnal animals are essentially 
active during the night, and they possess good vision under 
dimly lighted conditions. Included in this group are crepuscular 
animals that optimally use the twilight hours of morning and 
evening. Many animals can be described as being nocturnal or 
crepuscular, including bats, most reptiles, many rodents, ungu- 
lates, and carnivores. Larger representatives of the ungulates 
and carnivores comprise a third group of arrhythmic animals, 
which, for the most part, are equally active during the day and 
the night.” Each of these categories can be further subdivided 
according to feeding behavior (i.e., prey and predator). 

Certainly, time of visual activity and feeding behavior have 
played profound roles in evolution of the eye and modification 
of its components. These and other environmental pressures 
have resulted in formation of several highly evolved types of 
eyes from a common ancestral origin. Species of teleostean 
fishes, birds, and mammals have eyes with very good vision. 
Interestingly, the physiologic and morphologic mechanisms 
for attaining good quality of vision (i.e., presence of fovea and 
strong accommodative capabilities) are the same in each group 


of animals, even though evolution of these mechanisms 
occurred independently rather than sequentially. A similar 
adaptive pattern can be found among nocturnal species of ver- 
tebrates in the mechanisms regulating light by way of pupil- 
lary closure and photomechanical changes in the retina. As 
the anatomy of various species are described in this chapter, 
we will see a natural tendency of many ocular components in 
distantly related species to converge evolutionarily under sim- 
ilar environmental conditions. 

When studying comparative ophthalmology, a major hurdle 
is to comprehend all the different structures of the vertebrate 
eye, their individual functions, and how they combine to form 
the visual system. Comprehension of these essential schemes 
and concepts provides the basis for understanding clinical oph- 
thalmology. Both normal and abnormal anatomy play impor- 
tant roles in ophthalmic diagnoses. Unlike those of many 
medical disciplines, however, most ophthalmic diagnoses are 
made on the basis of what one observes anatomically. 

Commonly used diagnostic equipment such as the 
biomicroscope and the direct ophthalmoscope afford 
sufficient magnification to approach the histologic level; 
consequently, ophthalmologists are not content with only a 
knowledge of gross anatomy. In addition, no other routinely 
performed branch of surgery in veterinary medicine requires 
the same exactness of incision depth (to the level of microm- 
eters) or of incision location and length (to the level of mil- 
limeters). 

In conjunction with the anatomic patterns found in the ver- 
tebrate eye, there is a wide diversity of periocular structures 
collectively referred to as the adnexa, which provide protec- 
tion and support for the globe as well as assist in its function. 
These structures are examined first. 


ADNEXA—PROTECTIVE APPARATUS 
OF THE EYE 


Orbit 


The orbit is the bony fossa that separates the eye from the cra- 
nial cavity, surrounds and protects it, and provides several 
pathways through foramina for the various blood vessels and 
nerves involved in eye function. The size, shape, and position 
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Figure 2.1. A. Equine visual field, showing a small binocular field, large 
panoramic uniocular areas, and a small blind area. B. Primate visual field, 
showing a large binocular field, small uniocular areas, and large blind area. 
(Redrawn from Duke-Elder S. System of Ophthalmology. Vol. I. The Eye in 
Evolution. London: Henry Kimpton, 1958.) 


Table 2.1 Orbital Dimensions of Domestic Animals 


Feline Canine Bovine Equine 

Dimension (mm) (mm) (mm) (mm) 
Orbital 

Diameter 
Width 24 29 65 62 
Height 26 28 64 59 
Depth — 49 120 98 
Distance 23 36 151 173 

Between 

Orbits 
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of the orbit are closely associated with the same two factors, 
time of visual activity and feeding behavior, that have 
markedly influenced global anatomy. The depth of the orbit 
contributes mostly to the protection and appearance of the 
eye, whereas the location of the orbit within the skull largely 
governs expanse of the visual field as well as the degree of 
depth of field for a given species or breed (Fig. 2.1; Table 2.1). 
In carnivores such as the cat and dog, the axes of their eyes are 
set rostrolaterally, approximately 10° and 20° from their mid- 
lines, respectively. As a result, these animals have a great 
deal of binocular vision. In the horse and ruminants, which 
mainly have monocular vision, the orbits are quite far lateral 
in location, approximately 40° in horses and 50° from the 
midline in cattle (Fig. 2.2). 

In addition to size, shape, and position, a separate feature 
divides all vertebrate orbits into two kinds: the enclosed, which 
is completely encompassed by bone; and the open or incom- 
plete, which is partially surrounded by bone (Fig. 2.3). Among 
domestic animals, the horse, ox, sheep, cattle, and goat have 
enclosed orbits. By comparison, pigs and carnivores (i.e., dogs 
and cats) have open orbits. It is believed the enclosed orbit is 
essential for protection and skull reinforcement during 


Figure 2.2. Comparison of angles formed by the optic axes of different 
domestic species. F, frontal; L, lateral. (Modified from Getty R. Sisson and 
Grossman's the Anatomy of the Domestic Animal. 5th ed. Philadelphia: WB 
Saunders, 1975.) 


Figure 2.3. The enclosed orbit of the sheep (A) is typical of most grazing 
animals, whereas the open orbit of the domestic cat (B) exemplifies all car- 
nivores. F frontal; L, lacrimal; M, maxilla; O, orbit; P parietal; Z, zygomatic. 
(Redrawn from Prince JH. Comparative Anatomy of the Eye. Springfield, IL: 
Charles C. Thomas, 1956.) 


dominance rituals, whereas the open orbit gives carnivores the 
ability to open their jaws widely at the sacrifice of orbital 
closure.’ 

The bony fossa consists of five to seven bones, depend- 
ing on the species (Table 2.2). The orbit in the dog is com- 
posed of five, and sometimes six, bones, the supraorbital 
ligament that extends from the frontal to the zygomatic 
bones, and the periosteum (Fig. 2.4). The orbital rim is 
formed by the frontal, lacrimal, and zygomatic bones. Lat- 
erally, the orbit is formed by the supraorbital ligament, 
whereas the floor of the orbit, which is incomplete, is 
formed by the sphenoid and palatine bones. In animals with 
enclosed orbits, closure of the temporal side of the orbit is 
accomplished by union of the zygomatic process of the 


Table 2.2 Orbital Bones by Species 
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Animal Lacrimal Zygomatic Fronial Sphenoid Palatine Maxillary Ethmoid Temporal 
Deg x x x X x x T} 
Cat X X X X 

Horse X X X X X x 

Ox X X X X X X 

Sheep X X X X X X 

Goat X X X X X 

Pig X X X X X X 

Rabbit X X X X X X 

Man X X X X X X X 


Figure 2.4. Canine orbit. Bones of the orbit shown: F frontal; L, lacrimal; 
M, maxilla; S, sphenoid; T, temporal; Z, zygomatic. Orbital formina shown: 
A, rostral alar; E, ethmoidal; Op, optic; Or, orbital fissure. 
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Figure 2.5. Bovine orbit. Bones of the orbit shown: F frontal; L, lacrimal; 
S, sphenoid; 7, temporal; Z, zygomatic. Orbital foramina shown: E, eth- 
moidal; Op, optic; Ort, orbitorotundum; Ov, ovale; So, supraorbital. 


Figure 2.6. Equine orbit. Bones of the orbit shown: F frontal; L, lacrimal; 
S, sphenoid; 7, temporal; Z, zygomatic. Orbit foramina shown: A, rostral 
alar; E, ethmoidal; Op, optic; Or, orbital fissure; So, supraorbital. 


frontal bone with the frontal process of the zygomatic bone 
(Fig. 2.5). In the horse, the zygomatic process of the tem- 
poral bone intervenes between these two and completes the 
orbital rim (Fig. 2.6). 

Within the orbit, various foramina and fissures provide 
an osseous pathway by which blood vessels and nerves 
pass from the cranial cavity and alar canal into the orbital 
region. Those foramina, of rather constant position in 
domestic animals are the rostral alar, ethmoidal, lacrimal, 
orbital, ovale, optic, rotundum, and supraorbital. Other 
foramina closely related to the orbital structures are within 
the pterygopalatine region, and these are the maxillary, 
caudal palatine, and sphenopalatine (Tables 2.3 and 2.4). 
The orbital foramen is elongated in most domestic animals 
except the horse; therefore, it is referred to as the orbital 
fissure. In cattle, the orbital fissure and foramen rotundum 
are commonly fused to form the foramen orbitorotundum 
(Figs. 2.4, 2.5, and 2.6). 
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Table 2.3 Orbital Foramina and Associated Nerves and Vessels in 
Domestic Animals 


: a) 
Associated 
Foramen or Presence in Nerves 
Fissure Domestic Species and Vessels 
Alar, rostral Canine, equine, Maxillary artery 
feline and nerve 
Ethmoidal All species Ethmoidal vessels 
(1 or more) and nerve 
Orbital Canine, equine, Abducens, 
feline oculomotor, 
ophthalmic, 
and trochlear nerves 
Orbitorotundum Bovine III-IV cranial nerves, 
retinal, and internal 
maxillary arteries 
Optic All species Optic nerve, 
internal ophthalmic 
artery 
Rotundum Canine, equine, Maxillary nerve 
feline 
Supraorbital Bovine, canine, Supraorbital 
equine (feline variable) vessels and nerve 


Table 2.4 Foramina of the Pterygopalatine Region 


Associated Vessels 
Foramen Presence and Nerves 


Caudal palatine All species Major palatine 


vessels and nerve 


Maxillary All species Infraorbital 
vessels and nerve 
Sphenopalatine All species Sphenopalatine 
vessels and 


pterygopalatine nerve 


=I 


Orbital Fascia 


The orbital fascia consists of a thin, tough, connective tissue 
liner that envelops all the structures within the orbit, including 
the bony fossa itself. This fascia can be subdivided into three 
anatomic entities: the periorbita, fascia bulbi or Tenon’s cap- 
sule, and fascial sheaths of the extraocular muscles (Fig. 2.7). 

The periorbita is a conically shaped, fibrous membrane that 
lines the orbit and encloses the eyeball with its muscles, blood 
vessels, and nerves. Its apex is at the exit of the optic nerve 
from the orbit. At this point, it is continuous with the dural 
sheath of the optic nerve; in the orbit, it is thin, attaches firmly 
to the orbital bones, and forms their periosteum. In the dog, 
the periorbita does not always fuse with the periosteum of the 
frontal and the sphenoid bones.° Instead, the periosteum and 
periorbita often remain distinct and separate in these regions 
of the orbit. In animals with an incomplete lateral orbital wall, 
the periorbita is thicker laterally next to the orbital ligament. 
Anteriorly, in the dorsolateral part of the orbit, the periorbita 


Figure 2.7. Divisions of orbital fascia. MF, muscle fascia; P periorbita; 
OS, orbital septum; T, Tenon’s capsule. 


splits and surrounds the lacrimal gland. At the orbital rim, it 
splits again, one part becoming continuous with the perios- 
teum of the facial bones and the other (i.e., the septum 
orbitale) merging with the eyelids and becoming continuous 
with the tarsal plates (i.e., the fibrous sheet in eyelids). 

Tenon’s capsule (i.e., sheath of the eyeball, fascia bulbi) is a 
condensation of connective tissue on the outer aspect of the 
sclera (i.e., fibrous coat of the eyeball), from which it is sepa- 
rated by a narrow, cleftlike space filled with loose connective 
tissue (i.e., Tenon’s space). Tenon’s capsule is attached to the 
sclera near the corneoscleral junction, and it blends or becomes 
continuous with the fascia surrounding the extraocular muscles. 

The fascial sheaths of the extraocular muscles are dense, 
fibrous membranes loosely attached to the muscles with fine 
trabeculae of connective tissue. These sheaths are continuous 
with, or reflections of, Tenon’s capsule, but they are not 
always considered part of it. In the dog, the muscular fasciae 
can be divided into three layers: a superficial, thick layer that 
extends caudally from the orbital septum and is penetrated by 
blood vessels and nerves; a middle layer, which consists of 
superficial and deep sheets that anteriorly attach to the outer 
junction of the sclera and cornea; and a deep layer next to the 
surface of the extraocular muscles that separates the recti 
muscles from the retractor oculi muscles.° 


Extraocular Muscles and Fat 


The three sheets of orbital fascia are separated by condensa- 
tions of adipose tissue (i.e., orbital fat) that fill the dead space 
in the orbit and act as a protective cushion for the eye and 
adjacent muscles. The amount of orbital fat varies to some 
extent from individual to individual and to a greater extent 
from one animal species to another. Some animals, including 
birds and many reptiles (e.g., turtles and snakes) possess very 
little orbital fat, having relatively small orbits almost entirely 
filled by their globes.’ 


Figure 2.8. Orbital apex of the dog, 
illustrating structures passing through the 
optic foramen and orbital fissure as well 
as the extraocular muscle attachments. 
(Modified with permission from Evans H, 
Christensen G. Miller's Anatomy of the 
Dog. 2nd ed. Philadelphia: WB Saunders, 


4979.) 
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Figure 2.9. Arrangement of the orbital muscles of domestic animals. AZ, 
annulus of Zinn; /O, inferior oblique muscle; /R, inferior rectus muscle; LR, 
lateral rectus muscle; AB, retractor bulbi muscle attachments; SO, superior 
oblique muscle; SR, superior rectus muscle. (Redrawn from Prince JH, et 
al. Anatomy and Histology of the Eye and Orbit in Domestic Animals. 
Springfield, IL: Charles C. Thomas, 1960.) 


The extraocular muscles suspend the globe in the orbit and 
provide ocular motility. There are four rectus muscles: the 
dorsal, ventral, medial, and lateral recti. They originate from 
the orbital apex (i.e., annulus of Zinn) and insert, in the dog, 
approximately 5 mm posterior to the limbus medially, 6 mm 
ventrally, 7 mm dorsally, and 9 mm laterally (Figs. 2.8 and 
2.9). They move the eye in the direction of their names 
(Table 2.5). The dorsal (i.e., superior) oblique originates from 
the medial orbital apex, continuing forward dorsomedially to 
pass through a trochlea located near the medial canthus. It 
then turns acutely, passing dorsolaterally to the globe. It pulls 
the dorsal aspect of the globe medially and ventrally. The ventral 


Retractor bulbi muscle” 


: Anastomotic:artery 


“Orbital fissure 


Table 2.5 Extrinsic Muscles of the Eye and Eyelids: Their Function 
and Nerve Supply 


| Muscle Function Nerve Supply 
Eyeball 
Dorsal (superior) Rotate globe Oculomotor 
rectus upward 
Ventral (inferior) Rotate globe Oculomotor 
rectus downward 
Medial rectus Rotate globe medially Oculomotor 
Lateral rectus Rotate globe Abducens 
laterally 
Dorsal (superior) Rotate dorsal Trochlear 
oblique part of globe medially 
and ventrally 
Ventral (inferior) Rotate ventral Oculomotor 
oblique part of globe medially 
and dorsally 
Retractor oculi Retract globe Abducens 
(bulbi) 
Eyelid 
Levator Raise upper eyelid Oculomotor 
palpebrae 
superioris 
Orbicularis oculi Close palpebral Facial 
fissure 
Retractor anguli Lengthen lateral Facial 
oculi palpebral fissure 
Corrugator Assist in elevating Facial 
supercilii upper eyelid 
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oblique originates from the anterolateral margin of the 
palatine bone on the medial orbital wall and passes beneath 
the eye, crossing the ventral rectus tendon. The muscle divides 
as it reaches the lateral rectus, with the anterior portion cover- 
ing the insertion of the lateral rectus and the posterior portion 
inserting beneath the rectus. The ventral oblique moves the 
globe medially and dorsally.‘ 

The retractor oculi (i.e., bulbi) muscle originates at the 
orbital apex and continues forward to form a cone inserting 
posterior and deep to the recti muscles. This bundle retracts 
the globe. The retractor oculi muscle is ubiquitous among 
mammals, but it is absent in various nonmammalian groups, 
including birds and snakes. The dorsal, ventral, and medial 
recti as well as the ventral oblique muscles are innervated by 
the oculomotor III nerve, whereas the lateral rectus and retrac- 
tor oculi muscles are innervated by the abducens VI nerve and 
the dorsal oblique muscle by the trochlear nerve (Table 2.5). 


Eyelids and Conjunctivae 


The eyelids are dorsal and ventral folds of thin skin continuous 
with the facial skin. The free edges of the dorsal and ventral lids 
meet to form the lateral and medial canthi (1.e., canthus). The 
opening formed by the free edges is the palpebral fissure. The 
fissure is prevented from assuming a circular shape by medial 
(i.e., nasal) and lateral (i.e., temporal) palpebral ligaments that 
attach the canthi to the orbital wall. The medial ligament inserts 
into the periosteum of the nasal bones, whereas laterally the 
retractor anguli oculi muscle inserts into the temporal fascia. 
The lateral ligament is absent in the dog, being replaced by the 
retractor anguli oculi muscle. Closure of the eyelids is achieved 
by contraction of the orbicularis oculi muscle located deep in 
the lids around the palpebral fissure. Opening or parting of the 
lids is by relaxation of the orbicularis oculi and contraction of 
the levator palpebrae superioris, which inserts into the upper 
tarsus (i.e., tarsal plate). 

The free margin of the eyelid may contain a row of cilia or 
lashes. These lashes are directed away from the anterior sur- 
face of the cornea. The lower eyelids are devoid of lashes in 
_ most domestic species. 

In the normal canine eye, the eyelids rest on the globe, with 
the upper and lower lids meeting laterally at the lateral canthus 
and medially at the medial canthus (Fig. 2.10). The upper eyelid 
has two to four rows of eyelashes (i.e., cilia) that usually begin 
near the medial quarter or third and either extend across to the 
lateral canthus or end shortly before the canthus. The lower eye- 
lid has no cilia and has a hairless region approximately 2 mm 
wide adjacent to the lid margin extending the length of the 
lower lid and around the lateral canthus. The medial canthus, 
unlike the lateral canthus, has variable amounts of facial hair. 

In the cat, the eyelids rest snugly on the cornea, and little, if 
any, sclera is exposed (Fig. 2.11). The lower eyelid has no 
cilia. The upper eyelid also exhibits none, but the leading row 
of hair from the medial third laterally appears to be distinct 
enough in most cats to be considered cilia. The lid margins are 
hairless and distinct. 

In the horse, the eyelids fit snugly over the globe, except near 
the medial canthus, at which a protuberance of variable size 


Figure 2.10. Surface anatomy of the dog’s eye and adnexa at rest. A, 
medial canthus; B, lateral canthus; C, cilia; D, free margin of nonpigmented 
membrana nicitans; E, ciliary zone of iris; F; pupillary zone of iris; G, pupil- 
lary ruff; H, collarette. 


Figure 2.11. Surface anatomy of the cats eye and adnexa at rest. 
Arrows show major arterial circle in ciliary zone of iris. A, medial canthus; B, 
lateral canthus; C, cilia; D, free margin of membrana nicitans. 


(i.e., the lacrimal caruncle) is present (Fig. 2.12). The caruncle 
may or may not be pigmented. The lateral canthus is more 
rounded than that of the dog, and small amounts of sclera are 
visible both medially and laterally. The exposed lateral con- 
junctiva is often pigmented. 

The cilia are well developed on the upper eyelid but absent 
on the lower lid. The cilia begin near the junction of the medial 
third and the middle third of the lid, and they extend almost to 
the lateral canthus. The facial hair is more sparse adjacent to the 
lower lid margins at both the medial and lateral canthi and often 


Figure 2.12. Surface anatomy of the equine eye and adnexa at rest. 
Arrows indicate vibrissae. A, medial canthus; B, lateral canthus; C, cilia; D, 
free margin of membrana nicitans; E, lacrimal caruncle; F ciliary zone of 
iris; G, pupillary zone of iris; H, granulae iridica. 


at the medial upper lid. Horizontal folds are present in both the 
upper and lower lids. Vibrissa are present on the base of the 
lower lid and on the medial aspect of the base of the upper lid. 

The function of the eyelids is to protect and exclude light 
from the eyes, to sweep foreign bodies from the anterior sur- 
face of the eyeball, and to spread liquid tears across the 
cornea, The lids contain glands that lubricate the edges of the 
lids and help to prevent overflow of tear secretion. The ocular 
tear film is “pumped” by the lids to the nasolacrimal drainage 
channels. The lids also contain glands that contribute to the 
preocular tear film. 

Histologically, the lid may be divided into four portions: the 
outermost layer of typical skin, the orbicularis oculi muscle 
layer, a tarsus and stromal layer, and the innermost layer of 
palpebral conjunctiva (Figs. 2.13 and 2.14). The outer layer of 
the eyelid, or the skin, is covered by a dense coat of fine hairs 
with small sebaceous and tubular glands. At the lid margins are a 
number of specialized hairs or cilia. The cilia of the upper lid are 
humerous in most domestic species. Cilia tend to be consider- 
ably shorter and finer on the lower lid and are commonly lacking 
in carnivores. Additional tactile hairs may be present on or in the 
vicinity of the lids. Bundles of smooth muscle fibers (i.e., the 
arrectores ciliorum) extend from the follicles of the eyelashes 
toward the tarsus. The muscle bundles are absent in carnivores 
and in humans, but they are rather common in ruminants. The 
roots of the large cilia are in close association with prominent 
sebaceous glands (i.e., glands of Zeis) and modified sweat 
glands (i.e., glands of Moll, ciliary glands) (Fig. 2.15). These lat- 
ter glands are spiral, but they are not highly coiled in appearance. 
The epithelium near the terminus of the gland consists of an 
Outer myoepithelial layer and an inner layer of flattened glandu- 
lar cells. The structure and location of the glands of Moll are 
similar in all domestic species, but their function is unknown.° 

Within the stroma, bundles of striated muscle fibers are 
atranged in a row that extends nearly the full length of the eyelid. 
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Figure 2.13. Upper eyelid of the dog. HF hair follicle; PC, palpebral 
conjunctiva; TG, tarsal gland; S, skin; CF cilia follicle; O, orbicularis oculi 
muscle fibers. (Original magnification, X10.) 


Figure 2.14. Lower eyelid of the dog. The meibomian glands (MG) line 
the deep surface of the lid. Ciliary and sebaceous (SG) glands are closely 
associated with hair follicles (HF). (Original magnification, X100.) 


In the upper eyelid, the levator palpebral superioris muscle, 
which originates from the orbital apex, fans out along the dorsal 
half of the midstroma. The muscles of the eyelids are separated 
from the posterior epithelial lining of the eyelids (i.e., palpebral 
conjunctiva) by a narrow layer of dense connective tissue 
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Figure 2.15. Ciliary gland of a horse from an area similar to that in Figure 
2.14. The gland is lined by secretory cells (SC), superficial to which are 
myoepithelial cells (MC) surrounded by a basement membrane. (Original 
magnification, X770.) 


Figure 2.16. Canine meibomian gland consists of overlapping 
adenomeres, which collectively are enclosed by dense connective tissue of 
the tarsus (7). (Original magnification, X100.). 


referred to as the tarsus or tarsal plate. Near the margins of both 
eyelids, and visible through the conjunctiva on their posterior 
surfaces, are the meibomian (or tarsal) glands (Figs. 2.14, 2.16, 
2.17, and 2.18). These glands form parallel rows of lobules, 
which have their duct openings close to the lid margins. The duct 


Figure 2.17. The meibomian glands and their ducts (arrows) are barely 
visible near the upper lid margin in this cat. š 


a 


Figure 2.18. Light micrograph of the eyelid margin of the dog’s lower lid. 
The meibomian gland orifice (arrow) opens in a trough on the lid margin. 
Note the keratinized stratified squamous epithelium associated with the ori- 
fice. (Original magnification, X100.) 


of the meibomian gland is extensively lined by a keratinized 
epithelium, which is visible at the gland’s orifice (Figs. 2.18 and 
2.19).’ The glands, which are sebaceous in nature, are contained 
in the distal portion of the tarsus and contribute to the outer, oily 
component of the preocular tear film. The oily component con- 
sists of polar and unpolar lipids, with the former thought to con- 
tain the surfactant phospholipids needed to spread the lipid film 
over the aqueous (i.e., serous) layer. Each gland is made of a 
number of holocrine acini, which are arranged in vertical 
columns and open into a central duct (Figs. 2.14 and 2.16). The 
meibomian glands are usually better developed in the upper eye- 
lid, especially in the cat. Individual acini have associated plexi of 
nerve fibers, which are believed to stimulate their secretion.” 
The nerve fibers, which are smooth, varicose, and largely 
parasympathetic in origin, closely appose the basement mem- 
brane of each acinus. In the elephant, the eyelids lack meibo- 
mian glands, having unusually well-developed sebaceous glands 
(glands of Zeis) near the eyelid margins (personal observation). 

The posterior region of the eyelids is lined with a mucous 
membrane known as the palpebral conjunctiva, which consists 
of a thin layer of loose connective tissue beneath a stratified 
columnar epithelium that becomes more stratified squamous 
toward the eyelid margin (Fig. 2.18). This conjunctiva, called the 
bulbar conjunctiva, is reflected onto the globe and is continuous 


Figure 2.19. Scanning electron micrograph of the meibomian gland ori- 
fice (arrow) in a dog, revealing the keratinized stratified squamous epithe- 
lium. (Original magnification, X800.) 


Figure 2.20. Palpebral conjunctiva of a canine eyelid is externally lined 
by a stratified columnar epithelium possessing numerous goblet cells (GC) 
near the fornix. (Original magnification, X250.) 


with the corneal epithelium. The junction between the palpebral 
and bulbar conjunctiva is the fornix, and the epithelial lining in 
this region consists of the stratified cuboidal type.!! The blind 
sac formed by the conjunctivae is termed the cul-de-sac. 

Ventrally, an additional fold is formed by reflection of the 
conjunctiva over the nictitating membrane. These reflections 
form the conjunctival sac. All parts of the conjunctiva are 
continuous, but for descriptive purposes, it is divided into the 
palpebral, bulbar, and fornix conjunctiva. 

Approximately a third of the way proximal to the duct of the 
meibomian gland, the epithelium of the palpebral conjunctiva 
changes from stratified squamous to stratified columnar (Fig. 
2.14). From this level, goblet cells increasingly become more 
numerous. The distribution of goblet cells is heterogenous in 
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the dog.! The highest densities occur along the lower nasal 
and middle fornix and the lower tarsal portion of the palpebral 
conjunctiva (Fig. 2.20). By comparison, the bulbar conjunctiva 
essentially lacks the goblet cells. At the fornix, the conjunctiva 
is arranged into small folds that contain protruding goblet cells 
and, dorsolaterally, openings of the lacrimal glands.'! In the 
deeper regions of the conjunctiva, aggregates of lymphoid cells 
are common in the substantia propria. 

The substantia propria of the conjunctiva is composed of 
two layers: a superficial adenoid layer, which in the dog and 
cat contains lymphatic follicles and glands; and a deep, 
fibrous layer. The nerves and vessels of the conjunctiva are in 
the fibrous layer. The arteries of the conjunctiva arise from the 
anterior ciliary arteries, which are branches of the external 
ophthalmic artery. 

The lymphatics of the conjunctiva are arranged in two 
plexuses: a superficial and a deep system. Variations in the 
size and distribution of nodules occur between the upper and 
lower eyelids.!? The lymphatic drainage is toward the com- 
missures, at which they join the lymphatics of the eyelids. 
Drainage of the lateral commissure extends to the parotid 
lymph nodes, whereas the medial regions extend to the 
submaxillary lymph glands. In addition, the conjunctival lym- 
phoid tissue of domestic species can have follicle-associated 
conjunctival epithelium where goblet cells are characteristi- 
cally absent, being replaced by antigen-absorptive cells called 
M cells (microfold cells). The ultrastructural appearance of 
these cells, however, is not entirely identical to those 
described in mucosa-associated lymphoid tissues throughout 
the body. It remains to be determined what role(s) the con- 
junctival lymphatic system plays in mucosal immunity. 

The fornix conjunctiva is very thin and transparent, and it 
lies loosely on the underlying connective tissue. Approxi- 
mately 3 mm from the limbus, the bulbar conjunctiva, Tenon’s 
capsule, and sclera become closely united. The connective tis- 
sue is much more abundant here in the dog than in humans and 
some other species. 

The conjunctiva is the most exposed of all the mucous 
membranes. Its primary functions are to prevent desiccation 
of the cornea, to increase mobility of the eyelids and the 
globe, and to provide a barrier against microorganisms and 
foreign bodies. This latter role is most important considering 
that conjunctival sacs house considerable microbial flora, 
including many potential pathogens.!° 

The third eyelid (i.e., nictitating membrane or membrana 
nictitans) is a large fold of conjunctiva that protrudes from the 
medial canthus over the anterior surface of the globe (Figs. 
2.10, 2.11, and 2.12). It contains a cartilaginous, T-shaped 
plate, the horizontal part of which is parallel with the free or 
leading edge of the membrane (Fig. 2.21). It is rich in elastic 
tissue, and its free edge is usually pigmented in most animals 
among a given species. The stroma of the nictitans is fibrous 
connective tissue rich in glandular and lymphoid tissue (Fig. 
2.22). The anterior (1.e., palpebral) surface is covered with 
nonkeratinized, stratified squamous epithelium. The bulbar 
surface is lined by a stratified squamous epithelium as well, 
having a distinct, three-dimensional, molded pattern of pads 
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and grooves in the dog.'! The gland of the third eyelid, or the 
nictitans gland, surrounds the caudal end of the shaft of the 
cartilaginous plate. This gland is serous in the horse and cat, 
mixed (i.e., seromucoid) in cattle and the dog, and mostly 
mucoid in the pig. 

The construction of the cartilage is largely elastic in the cat 
and the horse and hyaline in the dog. The three-dimensional 
form of the cartilage varies considerably among domestic 
species.'° The appendix that is usually surrounded by glandular 
tissue and ends as a crossbar varies in thickness, being enlarged 
at the proximal end when comparing the cartilage of the cat to 
that of the dog. Moreover, the crossbar appears as a reverse S- 
form in the cat and as a crescent-shape in the dog. By 
comparison in the horse, the crossbar is distinctly hook-shaped. 

In many terrestrial vertebrates, extraglandular tissue exists 
posterior to the third eyelid (i.e., Harder’s gland). Morphologi- 
cally, it looks like an extension of the nictitans gland, but it is 
deeply seated in the orbit. In some animals, it surpasses consid- 
erably in size the gland of the third eyelid. Typically, the secre- 
tory cells are columnar in shape and lined by myoepithelial 
cells. The adenomeres are arranged in tubules or a combination 
of tubules and alveoli (i.e., forming a compound tubular or 
tubuloalveolar gland). The glandular products are diverse in 
composition, consisting of mucus, serous, or lipid materials, 
with the latter being found in rodents and released uniquely in 
an exocytotic manner.'’ Harder’s glands possess autonomically 
controlled nerves and are also under the control of gonadal, thy- 
roid, and pituitary hormones. The functions of this gland remain 
speculative, but they may include immunologic defense, photo- 
protection, provision for thermoregulatory lipids, osmoregula- 
tion, and pheromone production. Harder’s glands may also 
contribute to “saliva” and to the retinal—pineal axis, and may be 
a source of growth factors.!’ 

In most domestic animals, there is no actual muscle that 
moves the nictitating membrane over the surface of the cornea; 
however, small bundles of smooth muscle do occur in the cat. 
Specifically, nine strands of smooth muscle fibers extend into 
the third eyelid of the cat and are believed to be involved with 
its protrusion and retraction.!* In most instances, the move- 
ment may be indirect, resulting from contraction of the retrac- 
tor oculi muscle, which retracts the globe into the orbital space 
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Figure 2.21. A histologic section of the mammalian nictitating mem- 
brane. (Modified from Evans H, Christensen G. Millers Anatomy of the Dog. 
2nd ed. Philadelphia: WB Saunders, 1979.) 


and thus displaces orbital fat. In turn, this movement pushes 
the third eyelid across the cornea. In birds and other nonmam- 
malian species without retractor oculi muscles, movement of 
the nictitating membrane is directly controlled by a pyrami- 
dalis muscle attached to the posterior surface of the sclera.? 


LACRIMAL AND NASOLACRIMAL SYSTEM 


An adequate supply of tears covering the partially exposed 
anterior segment of the globe and associated adnexa is neces- 
sary for optical integrity, maintenance of the cornea, and 
normal eye function. This fluid, called the preocular tear film, 
serves several functions, including: 


1. Maintaining an optically uniform corneal surface, 

2. Removing foreign material and debris from the cornea and 
conjunctival sac, 

3. Permitting passage of oxygen and providing other nutri- 
tional requirements to the cornea, and 

4. Providing an antimicrobial function. 


Figure 2.22. Nictitating membrane of the horse contains both glandular 
(G) and lymphoid (L) tissues, the latter superficially located within the 
stroma next to the bulbar surface (BS). C, cartilage. A. Middle third of the 
nictitating membrane. B. Base of the nictitating membrane. (Original magni- 
fication, X10.) 


When tears are not present in adequate volume, keratocon- 
junctivitis sicca (i.e., dry eye) develops. 

Tears are present over the surface of the eye as a triple- 
layered film. The outer, thin, superficial oily layer is pro- 
vided by sebaceous glands of Zeis and the meibomian 
glands. This layer reduces evaporation of the underlying 
aqueous tears and forms a barrier along the lid margins that 
prevents tear overflow onto the face. 

The second (i.e., middle) layer is the aqueous tear fluid 
layer, which is secreted by the lacrimal gland (61%), the 
accessory glands of Kraus and Wolfring (3%), and the gland 
of the third eyelid (35%).!° Uptake of oxygen through this tear 
fluid is essential for normal corneal metabolism. 

The third, innermost layer is the mucin layer, which is pro- 
duced by the conjunctival goblet cells. This mucin layer is 
adsorbed to the corneal epithelial surface and distributed evenly 
during normal blinking. The mucin provides a hydrophilic sur- 
face over which the aqueous tear fluid spreads evenly. 

As mentioned previously, the external eye is continuously 
exposed to an environment containing potentially pathogenic 
microorganisms. One of the mechanisms protecting the eye 
from potential infectious agents is the tear layer. Several 
antimicrobial substances exist in tears, but their roles in pre- 
venting infection are only partially understood.” 

The composite secretion of tears is continuously spread 
over the surface of the eye in a uniform, thin layer by the con- 
stant action of the eyelids (and nictitans) during blinking. 
Excess fluid collects in the lower cul-de-sac by gravity and is 
mechanically “pumped” through the openings, the upper and 
lower puncta lacrimalae. These punctae are located just 
medial to the most medial meibomian gland and 1 to 2 mm 
inside the edge of the eyelid. They are surrounded by smooth 
muscle that works in coordination with the blinking of the 
eyelids to remove excess lacrimal fluid and prevent its 
backflow. 

These structures mark the origin of the nasolacrimal 
drainage apparatus. They continue as the upper and lower 
canaliculi, which pass slightly vertically away from the eyelid 
margins and turn toward the medial canthus, pass through the 
periorbita, and join each other at a dilation, the lacrimal sac, 
located in the lacrimal fossa of the lacrimal bone (Fig. 2.23). 
This sac empties into the nasolacrimal duct, which passes 
through a short, bony canal and opens into the nasal cavity, 
where it continues as a duct until it reaches an opening at the 
floor of the nostril approximately 1 cm from the end of the 
nares. Some animals have an accessory opening in the canal as 
it passes by the root of the upper canine tooth. 

The main component of this system is the lacrimal gland, 
which is a diamond-shaped structure in the dorsolateral 
aspect of the globe, lying within the periorbita. Fifteen to 
twenty small ducts open from it and into the superior con- 
junctival fornix. Histologically, the gland is a mixed tubu- 
loalveolar type. Its function is production of the serous 
portion of tears. The innervation to the lacrimal gland is not 
fully understood, but the lacrimal branch of cranial nerve, 
sympathetic, and parasympathetic nerves are all involved in 
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Figure 2.23. The nasolacrimal system. C, canaliculi; LD, Lacrimal ducts; 
LG, lacrimal gland; LS, lacrimal sac; ND, nasolacrimal duct. 


its function. Clinically, certain cholinergic drugs (e.g., pilo- 
carpine) will stimulate tear secretion, whereas other drugs 
(i.e., anticholinergics) will decrease tear secretion. 


GLOBE 


Components 


The globe is composed of three basic layers, or coats. The 
outer coat is fibrous tunic, and it is further divided into the 
cornea and sclera. The fibrous tunic gives the eye a constant 
shape and form, which are imperative for a functional visual 
system. In addition, the anterior portion of the fibrous tunic 
(1.e., the cornea) is transparent, thus enabling light to pass 
through, and is shaped in a manner that makes it a powerful 
lens that refracts light rays centrally, toward the visual axis of 
the eye. The second and middle layer is the uvea (meaning 
“grape”). The uvea, which is further divided into the choroid, 
the ciliary body, and the iris, is heavily pigmented and vascu- 
larized. It functions to modify both external and internal 
light, including reflection and scatter, as well as to provide 
nourishment and remove wastes for most of the eye’s compo- 
nents. The third and most central layer is the nervous coat, 
which consists of the retina and associated optic nerve. 
Briefly, the retina contains light-sensitive cells (i.e., photore- 
ceptors) that, after a series of intermediate modifying 
processes, transmit impulses to the brain via the optic nerve. 
The three tunics embrace the large, inner, transparent media 
of the eye: the aqueous humor, lens, and vitreous humor, 
which collectively function to transmit and refract light to the 
retina and provide an internal pressure that keeps the globe 
firmly distended. 


Size, Shape, and Topography 
The eyes in domestic animals are quite variable in size, but their 


shapes are comparatively uniform, being spherical in most 
instances, in which the three axes of the globe (anteroposterior, 
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horizontal or transverse, and vertical) are nearly identical in 
dimensions (Table 2.6; Fig. 2.24). Some of the larger ungulates, 
including the cow and the horse, possess globes that are some- 
what flattened in the anteroposterior axis (Fig. 2.25). The three 
axes are useful for common reference. The geometric axis of 
the eye is positioned from the center of the cornea (i.e., anterior 
pole) to the posterior center of the scleral curve (i-e., posterior 
pole). Two principal planes, the equatorial and meridional, are 
traditionally used in references to the three axes (Fig. 2.26). The 
equatorial plane bisects the anterior and posterior poles and is 
perpendicular to the meridional plane. Any plane that runs par- 
allel to the equatorial plane, that being in front of (anterior) or 
behind (posterior) it, is called frontal, coronal, radial, or trans- 
verse. The meridional plane moves along the anteroposterior 
axis of the eye, vertically dividing it into medial and lateral 
halves, even though meridional planes can be horizontal or 


Table 2.6 Dimensions of Globes of Domestic Species 
Meridional A-P Axis Equatorial Axis, 
Animal of the Eye, A (mm) V (mm) 
Horse 43.68 47.63 
Mule 43.00 47.50 
Cow 35.34 40.82 
Calf 26.50 32.50 
Sheep 26.85 30.02 
Pig 24.60 26.53 
Dog 21.73 21.34 
Cat 21.30 20.60 


oblique. Planes that run parallel to the meridional plane are 
described as being sagittal. 

The long posterior ciliary arteries are visualized at the 
three-o’clock and nine-o’clock positions when viewed 
posteriorly, passing from the optic nerve to the equator in the 
superficial sclera (Fig. 2.27). Long ciliary nerves pass with 
the arteries. Numerous short posterior ciliary arteries pene- 
trate the sclera around the circumference of the optic nerve. A 
variable number of vortex veins (usually four) emerge from the 
sclera posterior to the equator; typically, two vortex veins are 
present dorsally and two ventrally. 

When working with individual enucleated eyes, several topo- 
graphic features will help to establish their proper anatomic 
positions. For example, observation of the long posterior arteries 
and the longer horizontal dimension of the cornea determines 
the horizontal meridian. Placements of the ventral exit of the 


Horizontal, T (mm) Ratio of A/V/T Ratio of V/T 
48.45 1:1.09:1.10 1:1.10 
48.50 4:1.10:1.12 1:1.01 
41.90 Heriattssi leis! 1:1.02 
34.20 1:1.22:1.20 1:1.05 
30.86 4:4.91:1.15 1:1.02 
26.23 1:1.08:1.06 1:0.99 
2R 1:0.98:0.97 1:0.99 
20.55 1:0.97:0.96 1:0.99 


Translated from Bayer J. Angenheilkunde. Vienna: Braumueller, 1914. 


Figure 2.24. Lateral view of the feline globe. Note spherical shape and 
large cornea. LCN, long ciliary nerve; LP long posterior ciliary artery; MN, 
membrane nictitans. 


Figure 2.25. Lateral view of a bovine globe. Note the marked flattening in 
the anteroposterior axis and the marked ventral exit of the optic nerve from 
the posterior pole. MN, attached membrana nictitans. 


Figure 2.26. The equatorial and meridional planes of the eye. A, anterior 
pole; P posterior pole. (Modified from Scheme HG, Albert DM. Alder's Text- 
book of Ophthalmology. Philadelphia: WB Saunders, 1969.) 


Figure 2.27. Posterior view of a feline globe. LP long posterior ciliary 
artery; L, lateral; M, medial; MN, attached membrane nictitans; V, vortex 
veins; ON, optic nerve. 


optic nerve and the dorsal oblique muscle tendon establish 
the dorsoventral aspect of the globe. And, finally, remnants of 
the membrana nictitans and the lateral placement of the optic 
nerve to the posterior pole exhibit the lateral and medial aspects. 

The optic nerve in most domestic animals lies inferior and 
lateral to the posterior pole. Surrounding the optic nerve are 
many ciliary nerves and short posterior ciliary arteries. The 
posterior ciliary nerves pursue a long intrascleral course (up to 
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12 mm) before entering the suprachoroidal space to reach the 
iris, ciliary body, and limbus. In the dog, the long posterior cil- 
iary arteries enter the sclera approximately 3 to 5 mm from the 
optic nerve in the horizontal meridian. In the cat, these arteries 
can enter the sclera immediately adjacent to the optic nerve 
(Figs. 2.25, 2.26, and 2.27). These vessels are visible on the 
nasal and temporal sides of the eye within the sclera at least as 
far as the equator before entering the choroidal space. At this 
point, each artery accompanies the long ciliary nerve to the 
iris and ciliary body. Recurrent vascular branches are given 
off to enter the choroid, but the main vessel trunk continues to 
be the major supply of the iris. The four large vortex veins lie 
posterior to the equator. 


CORNEA 


The cornea is the transparent, anterior fifth of the fibrous tunic 
of the globe. The functions of the cornea include support of 
intraocular contents, refraction of light (because of its curva- 
ture), and transmission of light (because of its transparency). 
Like the lens, the cornea is normally clear, avascular, and 
refracts light (40-42 diopters). The cornea relies on both 
aqueous humor and tears for nourishment and cleansing, and 
on the eyelids and membrana nictitans for protection from the 
external environment. 

The cornea is elliptical in shape, with a horizontal diameter 
greater than the vertical. In the dog and the cat, the difference 
between these diameters is small, thus making their corneas 
appear to be almost circular (Fig. 2.28). In most ungulates, this 
difference is much more pronounced, allowing for a remark- 
able horizontal field of view (Fig. 2.29) that is further comple- 
mented by the lateral positioning of their orbits within their 
skulls. The combination of the exaggerated corneal dimensions 
and orbital positions in these grazing animals appears to be 
the adaptive result of their feeding behavior, affording them 
greater protection from predacious enemies. 

Corneal thickness varies from species to species, from breed 
to breed, and from individual to individual. In most domestic 
animals, it is less than 1 mm. In the dog, it is 0.45- to 0.55-mm 
thick centrally and from 0.50- to 0.65-mm thick in the periphery. 
Table 2.7 lists thickness measurements of the central and periph- 
eral cornea of various species. These data are based on post- 
mortem measurements and should be corroborated by in vivo 
techniques such as specular microscopy and A-scan ultrasonog- 
raphy. Recently, profiles of corneal thickness have been made 
from dogs and cats by ultrasonic pachymetry and computer 
enhancement.” Only three locations were measured in the 
dog, but the cornea is not uniformly thick, being thickest at the 
temporal periphery and thinnest centrally (Table 2.8). The 
canine cornea thickens significantly with age, and with age taken 
into consideration, it is consistently thinner in females than in 
males.” Again, in the cat, the corneal thickness is not uniform, 
being thinnest along the nasal superior quadrant; overall, the 
mean axial thickness (0.546 mm—0.578 mm) is essentially iden- 
tical to the mean perilimbal thickness (Table 2.8). The mean 
thickness does increase significantly with age up to 100 months. 
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Figure 2.28. The globe of the dog viewed anteriorly. Note the slight 
horizontally elongated ellipse of the cornea. L, lateral; M, medial; MN, mem- 
brana nictitans. 


The cornea is richly supplied with sensory nerves, particu- 
larly pain receptors, and this sensitivity protects the cornea and 
helps to maintain its transparency (Fig. 2.30). The cornea is 
innervated by the long ciliary nerves, which are derived from 
the ophthalmic division of the trigeminal nerve.” The epithelial 
cell layers are richly innervated, and these nerve endings are 
unsheathed in the epithelium. The most superficial layers are 
primarily innervated with pain receptors, whereas more pres- 
sure receptors are found in the stroma. This explains why a 
superficial corneal injury is often more painful than a deeper 
wound. The extent to which the stroma is innervated in differ- 
ent animals is unknown. In the rabbit, nerve fiber endings occur 
within the corneal endothelium.” 

As mentioned previously, the cornea, along with the lens, 
possesses the unique anatomic property of transparency. 
Anatomic factors that contribute to this transparency are: 


1. Lack of blood vessels, 

2. Nonkeratinized surface epithelium maintained by a preoc- 
ular moisture film, 

. Lack of pigmentation, and 

4. Size and organization of stromal collagen fibrils. 


Ww 


In addition, physiologic factors such as state of hydration 
are important. 

On microscopic examination, animal corneas consist of 
four, and sometimes five, layers. From the outside and moving 
inward, the layers are the epithelium, Bowman’s layer (rarely 
present), stroma, Descemet’s membrane, and endothelium 
(i.e., mesothelium) (Fig. 2.31). 


Anterior Epithelium 


The corneal epithelium covers the anterior corneal surface, 
being nonkeratinized, stratified squamous. The epithelium is 


Figure 2.29. The globe of the cow viewed anteriorly. Note the 
horizontally elongated ellipse of the cornea. L, lateral; M, medial. 


Table 2.7 Thickness of the Cornea in Domestic Animals 


Thickness (mm) 
Animal At Center At Edge 
1.0-1.5 0.8 
1.5-2.0 1.5-1.8 
0.8-2.0 0.3-0.5 
1.0-1.2 0.5-0.8 
0.8-1.0 0.4-0.6 
0.8-1.0 0.5-0.6 
0.8-1.0 0.5-0.7 
0.6-0.7 0.5-0.6 


approximately 25- to 40-um thick in the domestic carnivore 
and two to four times thicker in the larger and not always 
domesticated ungulate (Fig. 2.32). In the dog, cat, and bird, 
the anterior epithelium consists of a single cell layer of basal 
cells, which are columnar in shape and lie on a thin basement 
membrane; two or three layers of polyhedral (i.e., wing) cells; 
and two or three layers of nonkeratinized squamous cells. 
Among larger animals, the layers of polyhedral and squamous 
cells are more numerous. The cells are arranged to provide 
orderly replacement of the surface cells during desquamation. 

Beneath the epithelium is a basement membrane, which is 
enhanced histologically when stained with periodic acid-Schiff 
(PAS) (Fig. 2.33A). The basal cells are firmly attached to the 
basal lamina of the basement membrane (i.e., anterior limiting 
lamina) by hemidesmosomes, anchoring collagen fibrils, and 
the glycoprotein laminin. Interestingly, of the different types of 
collagen believed to contribute to the basement membrane, evi- 
dence for type IV, which is ubiquitous throughout the basement 
membranes of the body, is weak (Table 2.9).’”7* Hyaluronan and 
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Table 2.8 Thickness of the Cornea in the Cat and Dog as Determined by Ultrasonic Pachymetry 


Dog (mm) 
Corneal 
Location Young? Adult® Aged° Cat (mm)? 
Superior peripheral 0.557 +0.007 0.612+0.005 0.617+0.006 0.538 +0.039 
0. 780° 0.694° 
Midsuperior-nasal 
peripheral 0.523+0.041 
Nasal peripheral 0.530+0.042 
Midnasal-inferior 
peripheral 0.538 +0.042 
Inferior peripheral OTE 0.539+0.037 
0.760° 
Midinferior-temporal 
peripheral 0.548+0.040 
Temporal peripheral 0.540+0.006 0.581 +0.006 0.643+0.006 0.559+0.043 
Midtemporal-superior 
peripheral 0.558+0.037 
Central 0.520+0.005 0.560+0.005 0.597 +0.006 0.546+0.048 
0.735° 0.767° 


Data from Gilger BC, et al. Canine corneal thickness measured by ultrasonic pachymetry. J Vet Res 1991;52:1570-1572; and Schoster JV, 
Wickman L, Stuhr C. The use of ultrasonic pachymetry and computer enhancement to illustrate the collective corneal thickness profiles of 25 


cats. Vet Comp Ophthalmol 1995; 5:68-73. 

a20 dogs (both genders) 1 year old and younger were examined. 
Þ29 dogs between 1 and 7 years old were examined. 

°26 dogs over 7 years old were examined. 

495 cats (both genders) 2 years old and younger were examined. 


*Corneal thickness based on formalin-fixed histologic preparations of 10 cat corneas and 12 dog corneas. 


Figure 2.30. Innervation of the limbus and cornea. The long ciliary nerve (A) 
supplies the limbal region, then sends branches into the cornea. Nerves also 
supply the trabecular meshwork (B) and the region of the canal of Schlemm 
(i.e., angular aqueous plexus in nonprimates). Note the paucity of nerves in the 
deep cornea (C) and their absence in the region of Descemet's membrane as 
compared to the multitude of branched endings of nerves within the anterior 
stroma (D) and epithelium. (Modified from Hogan Mu, Alvarado JA, Weddell JE. 
Histology of the Human Eye. Philadelphia: WB Saunders, 1971.) 


Figure 2.31. Histologic view of the canine cornea, revealing four layers: 
anterior epithelium (AE), stroma (S), Descemet’s membrane (DM), and 
endothelium (E). (Original magnification, X100.) 
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fibronectin also have been associated with corneal epithelial 
attachment.’ Ultrastructurally, the basement membrane consists 
of an osmiophilic layer, 30- to 55-nm thick, that is separated 
from the basal cell plasma membrane by a 25-nm wide, electron- 
lucent zone (Fig. 2.33B). Hemidesmosomes attach the basal cells 
to the basement membrane, which in turn anchors the epithelium 
to the stroma. The arrangement of hemidesmosomes varies 
among different animals, being linear among mammals and 
amphibians, in rosettes among birds and reptiles, and punctate 


without arrangement, or completely absent, among fish.” The 
epithelial cells have good regenerative powers (basal cell 
turnover time is approximately 7 days), but after removal of the 
basal lamina, weeks to months may be necessary for it to reestab- 
lish, and until the basement membrane is completely reformed, 
the epithelium can be easily removed from the stroma.>°! 

The basal cells are tall, columnar cells with a flattened base 
and domed apex. They are crowded together, and as a result, the 
nuclei, which are located in the apical region, are often forced 


Figure 2.33. Basement 
membrane (arrows) of the anterior 
epithelium of the canine cornea 
viewed light-microscopically with 
the aid of PAS stain (A) and ultra- 
structurally (B). AE, anterior 
epithelium; HD, hemidesmo- 
somes. (Original magnification: A, 
X400; B, X18,000). 


1 


Table 2.9 Location of Glycans and Collagen Types in the Cornea 


Location Types of Collagen Glycans? Beteraices | 
[ Anterior IV, VI, and VII Laminin, 26, 27 
epithelium/ fibronectin, 
basement hyaluronans 
membrane 
Bowman’s I, Ill, V, and VI Heparin 48 
layer/anterior sulfate 
stroma 
Stroma I, Ul, V, VI, Chondroitin 27, 39-41, 
and XII 6- and 4- 42, 45 
sulfates, 
dermatan 
sulfate 
Descemet’s 1, UI, IV, V, VI, Laminin, 52, 428, 429 
membrane and VIII fibronectin 
tenascin, 
P component, 
heparin sulfate 
oo epee) 


alncludes glycoproteins and glycosaminoglycans. 


into two or alternating layers. Mitosis is confined to the basal 
cells or those cells immediately superficial to the basal cells (i.e., 
stratum germinativum). Adjacent cell surfaces have small infold- 
ings with numerous desmosomal attachments (Fig. 2.34).*>** 
Occasional lymphocytes are found in the basal epithelium and in 
the more superficial layers (Fig. 2.35). Desmosomes are absent 
between these extraneous cells and the adjacent epithelial cells. 

Wing cells are a group of polygonal cells on top of the 
basal cells. Their depth varies from two or three layers to sev- 
eral layers deep, depending on the species and the location in 
the cornea (compare Fig. 2.32A with Fig. 2.32B). These lay- 
ers form a transition zone between the columnar basal cells 
and the more superficial squamous cells. 

The flattened superficial cells are several layers deep. Dur- 
ing scanning electron microscopy (SEM), the cells appear to 
be flat and polygonal, with straight borders (Figs. 2.36 and 
2.37). Both light and dark cell types can be identified. The light 
cells contain more microvillae and microplicae. These numer- 
ous projections scatter electrons and, as a resultant, produce a 
lighter appearance of the cell. The darker cells are the oldest 
and are occasionally seen to be in the process of desquamation 
(Fig. 2.36). Cells in the central cornea have more projections 
(i.e., microplicae and microvillae) than those in the periphery. 
The function of the microprojections is controversial, but they 
have been postulated to hold or stabilize the preocular tear film 
on the corneal surface.*#> The fine microplicae and microvil- 
lae that expand the surface area considerably allow mucin of 
the precorneal tear film to adhere firmly to the anterior epithe- 
lium. As mentioned earlier, the mucin component of the tear 
film is thicker than was previously believed.*° Undoubtedly, 
the roughened texture of the squamous cells contributes to the 
substantial presence of mucin. The amount and composition of 
the mucin undoubtedly varies among species, being extremely 
well developed in aquatic mammals.*” 
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Figure 2.34. Basal corneal epithelium and anterior stroma in a cow. Note 
the obliquely running lamellae in the anterior stroma (arrows). Bowman's 
layer is well developed, with randomly oriented thin collagen fibers (BL). 
Basal lamina (B) is separated from cytoplasmic membrane by a thin lucent 
line, Note also the columnar basal cells (C) with tortuous cytoplasmic mem- 
branes and perinuclear mitochondria (M). HD, hemidesmosomes; K, kera- 
tocyte. (Original magnification, X5800.) 


Figure 2.35. Transmission electron microscopy (TEM) shows the 
basal corneal epithelium and associated basement membrane in a dog. A 
lymphocyte (L) is located tightly between adjacent basal cells. (Original 
magnification, X12,000.) 


The cytoplasm of the superficial cells contains numerous 
tonofilaments and vesicles, but it generally lacks the mito- 
chondria, rough endoplasmic reticulum, and ribosomes that 
occur in the basal and wing cells. Numerous desmosomal 
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Figure 2.36. SEM shows the surface of the anterior epithelium of a 
bovine cornea. The surface cells can be light or dark. Note the round 
bulges, where the nuclei lie within each cell. Note also that some cells 
appear to be desquamating. (Original magnification, X400.) 


Figure 2.37. SEM shows the corneal epithelial surface of a horse. 
Junction of a light cell with two dark cells illustrates the increased numbers 
and better development of microplicae and microvillae in the light cell. Cell 
borders tend to be straight (arrows). (Original magnification, X3888.) 


attachments are visible, and the surface cells have a zonula 
occludentes on their lateral membranes. Microprojections 
are visible on the surface cells (Fig. 2.38).3538 The origin of 
the microvillae appears to be from detached desmosomal 
junctions, but other authors have found no evidence for 
this.3238 


Corneal epithelium is thicker at the periphery of the 
cornea than in the center. With the junction of the bulbar 
conjunctiva, however, it abruptly thins, and pigmented cells 
are observed. The cornea is normally nonpigmented except 
at the periphery (i.e., limbus). At the limbus, pigment is scat- 
tered in all layers except the superficial squamous cells. 
Nerves that enter the epithelium lose their ensheathment 
and terminate in naked nerve endings among the wing cells 
(Fig. 2.39). 


Stroma 


The corneal stroma (i.e., the substantia propria) comprises 
90% of the thickness of the cornea. It consists of transparent, 
almost structureless lamellae of fibrous tissue, and these 
lamellae lie in sheets and split easily into planes (Fig. 2.40A). 
Between the lamella are fixed and infrequent wandering cells. 
The fixed cells are fibrocytes, which are called keratocytes, 
and the extensions of these cells contribute to formation and 
maintenance of the stromal lamellae. The keratocytes have 
thin nuclei, ill-defined borders, and delicate cell membranes 
(Fig. 2.40B). These cells can transform into fibroblasts when 
deep corneal injury occurs, and they may form scar tissue that 
is not transparent (Fig. 2.41). Wandering cells are usually 
leukocytes that have migrated from the limbus. 

The lamellae are parallel bundles of collagen fibrils, with 
each lamella running the entire diameter of the cornea. All the 
collagen fibrils within a lamella are parallel, but between 
lamellae, they vary greatly in direction (Fig. 2.40). The lamel- 
lae of the posterior stroma are more regular in arrangement 


Figure 2.38. Superficial corneal epithelial cells of a dog. A degenerate 
cell on the surface is detaching. The microvillae on the underlying cell 
seems to be formed in the region of desmosomal attachments (small 
arrows), whereas others have flat tops, presumably from previous attach- 
ments. Note the multiple infolding of cytoplasmic membranes with numer- 
ous desmosomes (D). The cytoplasm is packed with tonofilaments, and 


numerous membrane-bound vacuoles 
magnification, X18,000.) 


(V) are present. (Original 


than those of the anterior third of the stroma. The anterior 
lamellae are more oblique to the surface, and they have more 
branching and interweaving (Fig. 2.34). 

Overall, the precise organization of the corneal stroma is 
the most important factor in maintaining corneal clarity. The 
bulk of the corneal stroma is composed of thin collagen fibrils 
that are uniformly positioned into lamellae and transverse the 


Figure 2.39. The corneal anterior epithelium and anterior stroma. Dark 
arrows indicate corneal nerve. ALM, cell-free zone or anterior limiting mem- 
brane; AS, anterior stroma; B, basal cells; BL, basal lamina; S, superficial 
squamous cells with microvillae; W, wing cell layer. (Modified from Hogan 
MJ, Alvarado JA, Weddell JE. Histology of the Human Eye. Philadelphia: 
WB Saunders, 1971.) 
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full diameter of the cornea. This special arrangement (with a 
periodicity of 620-640 A) of stroma permits 99% of the light 
entering the cornea to pass without scatter.>* Collagen of the 
stroma is made of at least five types (Table 2.9). Of these five, 
collagen type I is by far the most common, forming the small, 
evenly sized, striated fibrils. Type VI is associated only with 
the interfibrillar matrix, forming a network around the fibrils. 
Evidence from adult mice suggests that type VI is connected 
with type I through chondroitin/dermatan sulfate gly- 
cosaminoglycans (GAGs). In rabbits, this association is 
observed during development of the cornea as well.’ Type VI, 
which is also close to the keratocyte, appears to play some 
kind of role in cell-matrix interactions, which would be espe- 
cially important during development and repair.“ In compari- 
son, type V is combined or co-assembled with type I, and it is 
believed to be a factor responsible for the formation of the 
small, uniform diameter of the striated fibril, which is approx- 
imately 25 nm in most species.*! Types III and XII are both 
believed to be developmental forms, with type III being the 
more common. How important they are during wound repair 
remains to be seen. The normal rabbit corneal endothelium, 
keratocytes, and corneal endothelia of chickens and mice have 
the potential to produce type XII.” 

Collagen fibrils, along with the proteoglycans and their 
associated GAGs and glycoproteins, make up 15% to 25% of 
the corneal stroma, and they act as the principal support struc- 
ture of the cornea. These collagen fibrils form the matrix for a 
specialized population of proteoglycans within the corneal 
stroma.“ The cornea is from 75% to 85% water, and it is rela- 
tively dehydrated compared with other tissues. This state of 
dehydration is termed deturgescence and is, in part, a function 
of the endothelium and epithelium. These cells actively move 
water out of the stroma by energy-dependent Na*/K* adeno- 
sine triphosphatase (ATPase) pumps, being most active in the 


Figure 2.40. Corneal stroma, 
as shown by SEM in the dog (A) 
and TEM in the horse (B), con- 
sists of layers or lamellae (L) of 
collagen, which are sparsely 
interspersed with keratocytes 
(K). (Original magnification: A, 
X7400; B, X10,000.) 
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Figure 2.41. Wound healing in a canine cornea involves the proliferation 
of keratocytes (K), which maintain a plane of orientation running parallel to 
the longitudinal axis of the cornea. M, macrophage. (Original magnification, 
X2100.) 


endothelium. Other “pumps” for deturgescence may also 
exist, including carbonic anhydrase. These cells pump Na* 
and Ca** ions outward, into the aqueous humor and tears. 
Experimentally, removal of the epithelium produces an 
increase of 200% in corneal thickness after 24 hours because 
of the influx of water (i.e., edema). Removal of the endothe- 
lium produces an increase of 500% or more in thickness as the 
permeability increases sixfold, so the endothelium appears to 
be more important in maintenance of deturgescence in the 
cornea. Figure 2.42 illustrates the primary roles the endothe- 
lium plays, both as a pump and as a barrier. The barrier com- 
ponent is provided by the tight junctions occurring apically 
along the lateral faces of adjoining cells next to the anterior 
chamber. These tight junctions are quite sensitive to calcium 
exposure, and they will break down when too much free Ca** 
exists in the aqueous humor. The Na*/K* ATPase pump is 
found further posteriorly, along the lateral membranes of 
neighboring cells (Fig. 2.42). A breakdown of the pump, the 
barrier, or both will result in rapid movement of water into the 
highly hydrophilic stroma. 

The presence of selected GAGs allows the pumps to be 
effective. Thus, any change in the population of the GAGs, 
any significant damage to the epithelium or endothelium (i.e., 
the pumps), or any pressure exerted on the cornea will cause a 
physical rearrangement of the precise collagen organization, 
which in turn will result in opacity of the cornea. GAGs in the 
cornea consist of heparan sulfates, hyaluronic acid, undersul- 
fated chondroitin sulfates, chondroitin 6-sulfate, chondroitin 
4-sulfate, keratan sulfates, and dermatan sulfates. The most 
abundant of these is keratan sulfate, followed by dermatan sul- 
fate. Nearly all keratan sulfates are derived from stromal 


Extracellular 
Pathway 


Figure 2.42. Location of the corneal endothelial metabolic pump 
(Na*/K* ATPase along the lateral membranes and carbonic anhydrase 
along the apical margins) and barrier (apical tight junctions along the lateral 
membranes). (Redrawn from Watsky MA, Olsen TW, Edelhauser HF. 
Cornea and sclera. In: Tasman W, Jaeger EA, eds. Duane’s Foundation of 
Clinical Ophthalmology. Vol. 2. Philadelphia: JB Lippincott, 1995.) 


fibroblasts (i.e., keratocytes), whereas heparan sulfates are 
largely derived from the corneal epithelium, particularly as 
individuals mature. Hyaluronic acids, however, are formed to 
a fair degree by the corneal endothelium. Consequently, each 
corneal cell type contributes its own specific array of distinct 
GAG classes as well as, most likely, other glycoconjugates to 
the extracellular matrix of the cornea. Corneal keratan sulfate, 
which differs from that in cartilage by length, branching, and 
cross-linkage within the polymer, will absorb two to three 
times more water than chondroitin sulfates, but the latter will 
retain water eight to nine times better than keratan sulfate. On 
the basis of the different water-binding ability of GAGs, ker- 
atan sulfate is concentrated within the posterior bovine 
cornea, where it facilitates movement of water from the aque- 
ous humor into the cornea.*® Dermatan sulfate is more con- 
centrated within the anterior stroma. In addition to the 
differential concentration of GAGs within the corneal stroma, 
the relative amount of keratan sulfate is lower toward the lim- 
bus, whereas the level of dermatan sulfate rises. Concomi- 
tant with the loss of keratan sulfate is the loss of uniformly 
small collagen fibrils, as seen in the sclera. 

The anteriormost stroma has a thin, cell-free zone corre- 
sponding in location with the anterior limiting membrane, also 
known as Bowman’s layer (anterior lamina), in both humans 
and nonhuman primates. The collagen fibrils in this layer are 
randomly dispersed and are smaller in diameter (Fig. 2.34), 


i 
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Bowman’s layer is not seen in most animals as described 
in primates, though it is interpreted by some to occur through- 
out the mammalian eye.*’ In avian and human corneas, it is 
considered to be part of the corneal stroma and is 10- to 15-um 
thick, relatively acellular, and composed of collagen fibrils of 
various types (Fig.2.43; Table 2.9). Although the different 
types of collagen are found in the stroma, the fibrils of Bow- 
man’s layer are smaller in diameter and less uniform than 
those of the stroma. The anterior epithelium can produce 
most, if not all, of the collagen associated with this modified, 
acellular zone of the cornea. It is not elastic, but it is fairly 
tough and, when destroyed, may be replaced by scar tissue. 
From time to time, a Bowman’s layer has been described in 
large, herbivorous mammals and most recently in the giraffe 
and various species of whales (Figs. 2.34 and 2.44).^50 
Bowman’s layer of the land-based species share similarities in 
size, morphology, and histochemistry, differing substantially 
from that of marine mammals, which may reflect a variation 
of roles that this structure plays. It has been assumed that 
Bowman’s layer contributes additional stiffness and biome- 
chanical strength to the cornea and to that end may be respon- 
sible for maintaining anterior corneal shape. Nevertheless, the 
construction of Bowman’s layer in whales and to a lesser 
extent in giraffes varies from that of primates and birds. It is 
also interesting to note that among whales, Bowman’s layer is 
not known to exist in deep-diving species, suggesting that its 
presence may be more closely associated with ocular function 
near or at the surface of the water. The bovine cornea pos- 
sesses a similar structure beneath the anterior epithelium that 
rarely exceeds several micrometers in thickness but may 
represent a modified Bowman’s layer. 


Figure 2.43. Bowman's layer or membrane (BL) in the chicken consists 
of an acellular zone or region of the anterior stroma immediately beneath 
the anterior epithelium (AE). Collagen fibrils in this area are the least organ- 
ized of the entire stroma (S). (Original magnification, X3000.) (Courtesy of 
RD Whitley.) 
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Descemet’s Membrane 


Descemet’s membrane is a homogenous, acellular membrane 
forming an inner protective boundary within the cornea. It is 
actually an exaggerated basement membrane of the posterior 
endothelium. It stains positively with PAS stain, as do other 
basement membranes, and it is produced by the posterior 
endothelium throughout life, thus forming a thicker membrane 
as the animal ages (Fig. 2.45).Clinically, the membrane shows 
elasticity, but it contains only fine collagen fibrils.” 
Descemet’s membrane is normally under some tension and, if 
cut or ruptured, tends to curl like a scroll. Descemet’s mem- 
brane ends at the apex of the trabecular meshwork in the lim- 
bal region. To some degree, its composition is similar to that of 
the trabeculae of the iridocorneal angle (ICA). This ever-thick- 
ening basement membrane contains a number of collagen 
types, including type VIII, which is found in the angle but not 
elsewhere in the cornea (Table 2.9).°? Ultrastructurally, 
Descemet’s membrane is distinctly layered in most animals, 
usually having a relatively thin anterior, unbanded zone next to 
the stroma, followed by a broad-banded zone and then by 
another broad, posterior unbanded zone located next to the 
endothelium (Fig. 2.45). Types II and IV make up the poste- 
rior unbanded zone, type IV and VIII the anterior banded zone, 
and types V and VI the anterior unbanded zone.”° 


Corneal Endothelium 


The corneal endothelium is a single layer of flattened cells lin- 
ing the inner cornea (Fig. 2.46). Some controversy exists 
regarding the regenerative ability of the endothelium, and 
indeed, it may vary with species and age. In general, however, 
active mitosis occurs primarily in the immature animal.°>>’ 
Specular microscopy and SEM of adult eyes reveal that the 
cells are usually hexagonally shaped (Figs. 2.47 and 2.48A). 
Closer inspection by SEM reveals that the surface is spotted 
with small microvillae and pores, and that the lateral edges of 
one cell interdigitate with another (Fig. 2.48B). In very young 
canines (i.e., 1—4 weeks of age), many of the cells do not have 
the typical hexagonal shape. Pronounced pleomorphism has 
also been observed in the kitten and the rabbit.°° The reason 
for this pleomorphism is not known, but this cellular arrange- 
ment may result from increased mitotic activity with concomi- 
tant rapid corneal growth. 

Transmission electron microscopy (TEM) reveals the 
extensive, lateral, convoluted interdigitations between adja- 
cent cells in the dog (Fig. 2.49). Along the lateral cell margins, 
the cell junctions, zonulae occludentes, maculae adherentes, 
and nexi occur. The abundance of mitochondria, smooth and 
rough endoplasmic reticulum, and a variety of vesicles, 
including pinocytotic vesicles, indicates these cells are meta- 
bolically active. There is gradual loss of the hexagonal shape 
in the oldest populations because of a concomitant, gradual 
decrease in the density of this epithelium. In young dogs, 
endothelial density is roughly less than 3000 cells/mm”. As the 
animals age, endothelial density gradually lowers to 50% or 
less. With a smaller population, these cells spread out and 
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Figure 2.44. Bowman's layer among mammalian species. A. Rhesus monkey. (Original magnification, X400; Masson trichrome stain.) B. Bottle-nosed 
dolphin. (Original magnification, X400; Masson trichrome stain.) C. Pilot whale. (Original magnification, X400; PAS stain.) D. Giraffe. (Original magnification, 
X400; Masson trichrome stain.) (Courtesy of AZ Zivotoksky and D Zivotoksky.) 


produce more pump sites to compensate for increasing leakage 
(Fig. 2.50). Thus, an age-related decrease in the density of 
corneal endothelial cells results in little change in thickness.*8 
If the trend continues, however, the cells become too attenu- 
ated, which results in an insufficient pump unable to withstand 
the increasing leakage. This is the point known as corneal 
decompensation, and it usually occurs when the cell density 
falls to between 800 and 500 cells/mm”. 


Repair and Aging 

Two processes are involved in healing of the epithelial surface 
of the cornea: cell migration to cover the injured area and 
mitosis to reconstitute the normal number of epithelial cells. 
The migratory activity occurs almost immediately following 
an abrasion of the cornea. Cell division soon follows to return 
the epithelium to normal thickness. Small epithelial defects 
may heal entirely, without any cell multiplication, simply by 
cell migration during the first 24 hours. When a considerable 
amount of anterior epithelium must be replaced, however, the 
anterior epithelium of the limbus becomes the primary source 
for production of new corneal anterior epithelial stem cells. 


Without the limbal epithelium, the proliferative capacity of 
the corneal epithelium is quite limited.’ 

Unfortunately, corneal endothelial cells do not respond to 
cell loss as quickly as do epithelial cells. Endothelial cells may 
be unable to retain a functional monolayer in inherited endo- 
thelial dystrophy, glaucoma, lens luxation, infectious diseases, 
aging, and after surgical (or other) trauma. In some species, 
including humans, nonhuman primates, the cat, and the 
dog, endothelial cells do not actively divide; instead, they 
enlarge and migrate to maintain a functional monolayer.©°! If 
this is not accomplished, a focal area of corneal edema is 
observed. This edema may be progressive, resulting in advanced 
corneal disease. In the species named, because no new endothe- 
lial cells are formed, any cells lost are replaced by the thinning 
and spreading of existing cells (Fig. 2.51),°! and this results in a 
reduction of endothelial cell numbers and possible corneal 
decompensation. In the rabbit, corneal endothelial cells acquire 
a spindle-shape phase that provides a functional but incomplete 
barrier at the onset of injury.” After this phase, the cells become 
flattened and irregularly polyhedral in shape. The normal pump 
and barrier have both become reestablished, and then there is a 


third phase in which the cells are further remodeled. This latter 
phase occurs 1 to 4 weeks after the injury. By comparison, 


wound healing in the cat’s corneal endothelium is slower and not 
as complete as in the rabbit’s. Stromal swelling in feline corneas 
will occur when cell density falls to less than 40% to 45% of nor- 
mal measurements. 


Figure 2.45. Posterior cornea of a horse. PE, posterior epithelium 
(corneal endothelium); PLM, posterior limiting membrane (Descemet's 
membrane); PS, posterior stroma. (Original magnification, X1200.) 
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Our understanding about the effects of aging on corneal 
morphology is limited. It has been known for some time that 
aging of the cornea and the lens can result in light scatter and 
reduced vision, but there has been little anatomic evidence to 
explain this change.®* Most of the known age-related 
changes associated with the cornea involve the endothelium 
and Descemet’s membrane. The aging Descemet’s membrane 
becomes progressively thickened because of the continual 
addition of new basement membrane material by the endothe- 
lium.® This addition is quite remarkable from birth to adult- 
hood; afterward, it is less pronounced but still distinct over a 
5-year or longer span of time (Fig. 2.52). 

As noted, the corneal endothelium demonstrates a steady 
decline in cell density with age. As the number of endothelial 
cell per area decreases, the average width of each cell 
increases.°’ Moreover, these cells become thinner, lose some 
of their general uniformity of size, and gradually become 
pleomorphic. 

Little is known about age-related changes of the corneal 
stroma. By comparison, corneal wounding and repair has been 
studied extensively. A wounded cornea is often edematous 
and filled with inflammatory cells. To achieve successful 
wound healing of the stroma, the fibrous components must be 
reestablished in a way that follows, at least to some degree, 
normal development. Remember that the populations of pro- 
teoglycans (i.e., GAGs) are selective to keep the collagen fib- 
rils organized and properly sized. If the relative 
concentrations of GAGs are substantially altered during 
wounding, the possibility of reforming the fibrous architecture 
for needed transparency is reduced and will remain so until 
the normal proteoglycan environment is rebuilt,68-70 


Figure 2.46. A. Descemet’s membrane (DM) and corneal endothelium (CE) of an avian (i.e., chicken) cornea. Note the fine amorphous structure of the 
Descemet’s membrane, though traces of banding are visible (arrows). The corneal endothelium does not possess hemidesmosomes as does the anterior 
epithelium to its basal lamina. Arrowheads point to the abundant mitochondria. N, nucleus; S, stroma. (Original magnification, X4000.) B. Three-dimensional 
drawing of the deep inner cornea showing the deepest corneal lamellae of the posterior stroma (PS), Descemet’s membrane (DM), and the corneal 
endothelium (CE). (Revised from Hogan Mu, Alvarado JA, Weddell JE. Histology of the Human Eye. Philadelphia: WB Saunders, 1971.) 
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Hyaluronic acid is one of the first extracellular components to 
build up substantially after injury, filling lacunae in the stroma 
as well as between collagen lamellae.”! Most often, it has 
been associated with dividing and migrating fibroblastlike 
cells within the stroma.” Gradually, hyaluronic acid 
decreases as the proteoglycans are reconstituted. If hyaluronic 
acid does not decrease in a timely manner, however, the nor- 
mal flow of solutes will be altered, as will the normal spacing 
between collagen fibrils, which will reduce transparency and 
change the index of refraction. 

Any angiogenic activity within the stroma should be 
reversed for successful repair. The presence of blood vessels 


Figure 2.47. Specular micrograph of a young adult canine corneal 
endothelium shows the normal hexagonal arrangement of this tissue. 


in the cornea more centrally than at the limbus is indicative of 
corneal disease. The condition producing the vascularization 
may be local or generalized. There are some members of the 
animal kingdom, however, that have been described to be vas- 
cularized nonpathogenically, including the Rocky Mountain 
Bighorn sheep, armadillo, some Japanese salamanders (e.g., 
the giant, 5-foot long Megalobatrachus maximus), and certain 
laboratory mice (e.g., athymic, nude mice and euthymic hair- 
less mice of the mutant strain SKH/hr/hr). Even so, it should 
be noted that normality of the corneal tissue in these animals 
has been little verified. By comparison, the Florida manatee 
(Trichechus manatus latirostris) does consistently possess 
blood vessels within the anterior epithelium and stroma of its 
cornea without any pathological association (Fig. 2.53).7" 
The vessels occupy between 0.1% to 5% of the volume of the 
corneal tissue, mostly averaging less than 1% and most likely 
causing little interference with incoming light. Both fetuses 
and newborns have vascularized corneas, which are nearly 
identical to those of juvenile and adult animals. 


SCLERA 


The sclera comprises the remainder of the fibrous tunic of the 
globe. Anteriorly, it merges with the peripheral cornea and the 
bulbar conjunctiva to form a transition zone (i.e., the limbus) 
(Fig. 2.54). At this point, the sclera is pigmented to varying 
degrees, and the overlying epithelium is thicker, with closely 
packed pigment cells. Microscopically, the epithelium is 
thicker than the adjacent corneal epithelium, with closely 
packed, small basal cells that have scanty cytoplasm. The 
stroma loses the regular arrangement characteristic of the 
cornea and takes on a less organized appearance of irregular, 


Figure 2.48. SEM of a 4-year-old canine corneal endothelium reveals occasional variability in cell size (A) and the lateral surface interdigitations between 
cells (B, arrows). The most prominent feature of the endothelial cell in the adult cornea is the nucleus (N), which bulges slightly into the anterior chamber. 


(Original magnification: A, X960; B, X3500.) 


Figure 2.49. The lateral interdigitations observed between endothelial 
cells along the surface continue throughout the entire thickness of adjacent 
cells. Numerous mitochondria (M) are associated with these interdigita- 
tions. DM, Descemet’s membrane. Canine cornea. (Original magnification, 
X16,000.) 
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Figure 2.50. How corneal endothelial decompensation occurs as 
endothelial cells become so stretched that the remaining lateral mem- 
branes are insufficient to provide an adequate pump. A. Normal state with 
pump = leak. B. As cells diminish with age or disease, more pump sites are 
produced so that pump = leak. C. With minimal lateral membranes, corneal 
decompensation occurs and leak > pump. (Redrawn from Watsky MA, 
Olsen TW, Edelhauser HF. Cornea and sclera. In: Tasman W, Jaeger EA, 
eds. Duane’s Foundation of Clinical Ophthalmology. Vol. 2. Philadelphia: JB 
Lippincott, 1995.) 
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Figure 2.51. Specular micrograph of the corneal endothelium in a 
7-year-old dog that had a cataract removed shows widening or spreading of 
adjacent cells to fill the areas in which endothelial cells had previously died. 
(Courtesy of R Gwin.) 


dense connective tissue. Numerous blood vessels (i.e., the 
anastomosing branches of the anterior ciliary arteries) termi- 
nate in the loops of the marginal plexus, then drain back into 
the conjunctival venules. Bowman’s layer exteriorly and 
Descemet’s membrane interiorly also terminate in this area. 

Along the outer portion of the stroma is an interconnecting 
network of veins known as the intrascleral plexus, which 
receives aqueous humor from the veins that drain the angular 
aqueous plexus (AAP) (Fig. 2.55). The intrascleral plexus is 
variably connected with the choroidal venous system (i.e., the 
vortex system) in domestic animals (Fig. 2.56).’>”° The intrascle- 
ral plexus is variable in its relative size and depth in the 
sclera.” For example, in rabbits and primates, the plexus is 
formed on the outer side of circumferentially coursing canals, 
and it is composed of small vessels deep in the sclera. In carni- 
vores, the intrascleral plexus is prominent and composed of 
from two to four large, anastomosing vessels in the midsclera. 
The intrascleral plexus receives afferent channels superficially 
via the episcleral network at the limbus as well. In the horse, the 
plexus, which is less prominent, collateralizes entirely with the 
anterior vortex system, because it is oriented radially to facili- 
tate unidirectional flow outward from the angle region toward 
the vortex veins; in carnivores and primates, the reservoirs 
receiving aqueous humor are circumferentially oriented. 

The color of the sclera depends on the thickness of its 
stroma (appearing blue when thin) and the fat content along its 
outer boundary (appearing yellow with increased content). The 
inner surface, which is referred to as the lamina fusca, is brown 
because of the adherent suprachoroidal pigment. The bulk of 
the sclera is called the sclera proper, which is very similar his- 
tologically to the limbus. The sclera contains elastic fibers that 
are interlaced among the collagen fibers, as are melanocytes 
(anteriorly) and fibrocytes. The collagen fibers, fibrocytes, and 
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Figure 2.52. As the cornea grows older, Descemet’s membrane (D) continues to expand in width, as seen when comparing a 1-year-old dog (A) with a 6- 
year-old individual (B). CE, corneal endothelium; S, stroma. (Original magnification, X400.) 


Figure 2.53. Anterior corneal stroma of adult manatee contains sparsely 
populated blood vessels (arrows). (Original magnification, X100.) Insert. 
Close-up of a cluster of these thin-walled vessels filled with erythrocytes. 
(Original magnification, X400.) 


occasional melanocytes are arranged meridionally, obliquely, 
and radially in an irregular fashion. The sclera is more hydrated 
than the cornea and contains blood vessels. Its rigidity provides 
the resistance to intraocular fluid pressure, and several chan- 
nels, or emissaria, are present for the passage of blood vessels 
and nerves. The most notable emissaria accommodate the optic 
nerve, long and short ciliary nerves, long posterior ciliary arter- 
ies, vortex veins, and anterior ciliary vessels. 

Scleral thickness varies considerably among species and in 
different areas of the globe, but it is thinnest near the equator, 
especially at the insertions of the extraocular muscles, and in 
the dog is only 0.12-mm wide (Table 2.10). The region of the 
intrascleral venous plexus is the thickest area in animals with 
a well-developed plexus (e.g., the dog and cat), whereas in 
ungulates, the region of the optic nerve entrance or posterior 
pole is the thickest. At the point where the optic nerve passes 
through the sclera, it becomes sievelike in the area known as 
the lamina cribrosa. Abnormal tension in this region because 


of glaucoma disrupts the axoplasmic flow in individual nerve 
fibers of the optic nerve. 

The external boundary of the scleral stroma consists of a 
thin collagenous and vascular membrane known as the 
episclera. This tissue is best developed between the limbus 
and the extraocular muscle insertions, at which it blends 
superficially with Tenon’s capsule. 

Besides dense connective tissue, the sclera can be largely 
comprised of cartilage, as in fish, lizards, chelonians, some 
amphibians, and birds. When cartilage is found in the sclera, it 
usually forms a complete cup that extends to the margin of the 
cornea or, in birds and lizards, to a ring of bony plates or ossicles. 
Ossicles of the sclera are located anteriorly underneath or exter- 
nal to the ciliary body. Though birds and reptiles possess this 
structure, the ossicle is believed to have originated from fish and 
was eventually passed on to amphibians. Birds with perhaps the 
greatest range of accommodation, such as the kingfisher and 
other diving birds, have larger and potentially more powerful 
ossicles than those species tending to be more confined to land.*° 
Owls and hawks have “used” them to produce elongated and 
cone-shaped eyes that have resulted in remarkable differences in 
the radii of curvatures between the cornea and globe (Fig. 2.57). 
In a functional sense, ossicles are believed to have been devised 
for retaining ocular rigidity. The number of ossicles that com- 
prise a ring can vary within the same species, but in individual 
eyes with fewer ossicles the single ossicle area increases, result- 
ing in a constant scleral ring area.*! 


THE UVEA 


The choroid, ciliary body, and iris form the uveal coat, or uvea. 
Unlike the fibrous coat, it is highly vascular and usually pig- 
mented. The choroid and ciliary body are both attached to the 
internal surface of the sclera (Fig. 2.58). The iris originates from 
the anterior portion of the ciliary body, and it extends centrally to 
form a diaphragm in front of the lens. The iris and ciliary body 
are termed the anterior uvea and the choroid the posterior uvea. 


Table 2.10 Thickness of the Sclera 
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Animal Center of the Entry Point of Equator of the Place of Crossing in 
Eyeground (mm) the Optic Nerve (mm) Globe (mm) the Cornea (mm) 
Horse 1.5-2.2 1.35 0.5-0.3 1.1 
1.9 0.4 
Cow 1.9 2.20 1.0 21a) 
Sheep 1.0-1.2 No increase in thickness 0.25-0.30 0.4-0.5 
Pig 1.0-1.2 Thicker 0.5-0.8 — 
Cat 0.09-0.20 0.13-0.60 0.09-0.20 1.1, in the form of a ring 5-7 mm wide 
Dog Similar to the cat, only thinner 0.3-0.4 0.12-0.20 0.6 


Translated from Bayer J. Angenheilkunde. Vienna: Braumueller, 1914; and from Donovan RH, et al. Histology of the normal collie eye. Ann Ophthalmol 
1974:6:257. 


Figure 2.54. Canine limbus. A. Overall view shows merging of the irregular connective tissue of the sclera (S) with the highly organized connective tissue 
of the cornea (C). (Original magnification, X400.) B. Close-up of the outer limbus reveals an anterior epithelium that is markedly thickened, small blood ves- 


sels (BV), and melanocytes. (Original magnification, X250.) 


Iris 

The iris is a diaphragm that derives from the neural crest, 
mesoderm, and neuroectoderm. It extends centrally from the 
ciliary body to cover the anterior surface of the lens, except 
for a central opening, the pupil. It divides the anterior ocular 
compartment into anterior and posterior chambers, which 
communicate through the pupil. The shape of the moderately 
dilated pupil varies among species. Among mammals, it is 
round in primates, the dog, and the pig; is vertical when con- 
stricted in the cat; and it is oval in a horizontal plane in herbi- 
vores (i.e., horses, oxen, sheep, goats) (Figs. 2.10, 2.11, and 
2.12). Along the upper edge of the pupil in herbivores, several 
round black masses are present (Fig. 2.59). They vary in size 
and are called granula iridica (i.e., corpora nigra). Similar 
smaller masses also exist on the lower edge of the pupil. These 
pigmented masses, which are extensions of the posterior pig- 
mented epithelium, augment the effectiveness of pupillary 
constriction (i.e., miosis). Occasional myocytes of the sphinc- 
ter muscle can be found in the basal portion of the granula 
iridica of goats and horses (Fig. 2.60). The presence of these 
cells indicates that these structures probably play more than a 
passive role during changes of pupillary size and shape. Eyes 


of animals with pupils that can be contracted to a slit are 
believed, in most instances, to be more sensitive to light than 
those with circular pupils.’ 

Grossly, the anterior iris is composed of a central pupillary 
zone and a peripheral ciliary zone. The demarcation between 
these two zones is the collarette, which is best demonstrated 
with moderate pupillary dilation. The portion of the ciliary 
zone adjacent to the pupil is sometimes more pigmented than 
the rest of the iris. 

The peripheral half of the ciliary zone on frontal view con- 
tains a sinuous artery that passes circumferentially. The arter- 
ies enter at the nine- and the three-o’clock positions as 
terminations of the medial and lateral branches of the long 
posterior ciliary arteries (Fig. 2.11). Each artery branches dor- 
sally and ventrally to pass circumferentially toward the oppo- 
site artery, and each forms an incomplete arterial circle, which 
is seen in the dog, pig, and horse at the twelve- and the two- 
o’clock positions.*** 

The function of the iris is to control the quantity of light 
entering the posterior segment through a central pupil. Con- 
traction of the pupil reduces the amount of light entering the 
eye. Narrowing the pupil also eliminates the peripheral portion 
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Figure 2.55. The intrascleral plexus (/SP) of a dog is located within the 
midsclera (S) and interconnected to the angular aqueous plexus (AAP) by 
aqueous veins (AV) that are sometimes prominent in size. ESV, episcleral 
veins. (Original magnification, X125.) 


Figure 2.56. Corrosion cast of the canine ocular microvasculature demon- 
strates collateralization of the intrascleral plexus (/SP) with choroidal veins 
(CV) of the vortex system. (Original magnification, X410.) 


Figure 2.57. Scleral ossicles (SO) in birds vary somewhat in size and shape, being well developed with large interosseal spaces in owls (screech owl) (A; 
original magnification, X40) and comparatively thin in the chicken, with considerable overlap between adjacent ossicles (B; original magnification, X100). 


CM, ciliary body musculature (Crampton’s muscle); TM, trabecular meshwork. 


of the refractive system, and it diminishes lenticular spherical 
and chromatic aberrations. During periods of reduced light, 
the pupil dilates widely, allowing maximal stimulation of pho- 
toreceptor cells. 

For the purpose of histologic discussion, the iris is divided 
into the anterior border layer, the stroma and sphincter 
muscle, and the posterior epithelial layers (Fig. 2.59). The 
anterior border layer consists of two cell types: fibroblasts, 
and melanocytes. The presence of a continuous epithelial 
sheet is frequently cited, but results of electron-microscopic 


studies have indicated them to be more fibroblastic in 
nature.**-86 The anterior cells, which lack a basement mem- 
brane, form an almost-continuous layer with their cellular 
processes, but frequent small openings with large intercellular 
spaces and extension of underlying melanocyte processes 
break the continuity (Fig. 2.61). One or more layers of 
melanocytes are beneath the single layer of fibroblasts and 
compose the remainder of the anterior surface layer. For the 
most part, the melanocytes are oriented parallel to the iris sur- 
face, and their processes intermingle with other melanocytes 
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Figure 2.58. SEM of the canine anterior uvea. C, cornea; CP ciliary 
processes; CM, ciliary body musculature; /, iris; S, sclera. (Original magnifi- 
cation, X25.) 


Figure 2.59. Iris () and anterior ciliary body (CB) of the goat. The arrow 
points to the granular iridica, which extends posteriorly along the posterior 
pigment epithelium. C, cornea. 


and anterior fibroblasts with no intercellular junctions. The 
pigment granules in the cat and dog are lanceolate to ovoid in 
shape, whereas they are round to ovoid in the horse.”°*7 

The iris stroma is composed of fine collagenous fibers, 
many chromatophores, and fibroblasts. The stroma is loosely 
arranged except around blood vessels and nerves, at which it 
can form dense sheaths. The collagen fibrils are organized to 
some extent in overlapping, wide arcades running from the 
pupil to the ciliary body. Despite the dense histologic 
appearance, considerable extracellular space is evident ultra- 
structurally (Fig. 2.62). The ample space may be largely due 
to the unique orientation of the collagenous “skeleton” of the 
iris, consisting of a series of fibrous areas joining the iris root 
to its pupillary margin.® 


Figure 2.60. Myocytes of sphincter muscle (SM) line the pupillary margin 
of the goat iris and, occasionally, ingress (arrows) into the granula iridica, 
which also contains connective tissue elements (*). (Original magnification, 
X200.) 


Figure 2.61. The anterior iris surface of the cat is composed of a fibrob- 
lastic surface layer (F) with ramifying processes and two layers of 
melanocytes (M) beneath fibroblasts. The lancelot shapes are pigment 
granules. SF, stromal fibroblast. (Original magnification, X9800.) 


Radial and meridional spaces, particularly those located 
anteriorly, receive materials including particles measuring up 
to 200 um in diameter from the anterior chamber by diffusion 
into the stroma.%?! Fibroblasts and melanocytes are the 
predominant cell types that can be evenly distributed through- 
out the stroma of the iris or concentrated either anteriorly or 
posteriorly. In addition to the scattered melanocytes in the 
anterior stroma of many dog irides, a dense band of 
melanocytes can be present in the ciliary zone anterior to the 
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Figure 2.62. Canine iris stroma demonstrating irregularly placed 
melanocytes (M) except next to veins (V) and arteries, which are concentri- 
cally surrounded by the melanocytes. Note the marked differences in the 
diameter of collagen fibrils on the cross-section of different collagen bun- 
dles, indicating fusiform or spindle shape. Fibroblast processes (arrows) 
are also present. (Original magnification, X3500.) 


dilator muscle, extending centrally to the sphincter muscle 
(Fig. 2.63A). The melanocytes are also especially prominent 
around the adventitia of blood vessels. The shape of the 
melanin granules in the stroma varies with species and with 
the maturity of the granules. The granules are generally 
smaller and more rodlike than the pigmented granules of the 
posterior epithelium. In the cat, they are pronouncedly rod- 
like, resembling tapetal rodlets; in the dog, they are both oval 
and rodlike.®’ 

Particularly in the horse and the dog, large cells containing 
pigment are associated with capillaries and venules near the 
sphincter muscle.*°”? These are believed to be macrophages of 
hematogenous origin. In humans, these cells are known as the 
clump cells of Koganei.”” The cytoplasmic pigmented inclu- 
sions are so dense that they obscure the nucleus (Fig. 2.63B). 

Iridal color varies considerably among individuals and 
among various breeds or species of animals. Color depends on 
the amount of pigmentation of the iridal stroma. The variation 
of color primarily results from the amount of pigmentation 
present, the type of pigmentation, and the degree of vascular- 
ization. In many instances, coloration of the irides of domestic 
animals tends to be dark, varying from dark brown to golden 
brown, gold, blue, and blue-green in color. Birds, on the other 
hand, have brightly colored irides. Traditionally, these bright 
colors were thought to result from the presence of carotenoids, 


an idea based on a single study of the yellow iris of chickens 
performed over 50 years ago. Carotenoid-bearing cells are 
referred to as xanthophores, and their presence certainly has 
been demonstrated to produce brightly colored irides. Recent 
studies, however, have found purines and pteridines to be the 
major iridal pigments in a variety of avian species, including 
doves and the great-horned owl.” Overall, pteridines and 
purines may be present more commonly than carotenoids as 
iris pigments in birds, and they are often found together as col- 
ored crystals. Combinations of purines/pteridines and 
carotenoids are probably common as well. Development of 
these pigments within an individual has been known to take a 
considerable amount of time, even as long as several years.” 

As perhaps the most pigmented structure of the eye, the iris 
can bind many drugs, some of which can have toxicologic rel- 
evance. Even though melanin’s ability to bind drugs, includ- 
ing chlorpromazine, benzodiazepines, and chloroquine, has 
been well documented, unexpectedly high accumulations of 
various drugs continue to be found in the iris and ciliary 
body.***5 In many instances, the drugs are reversibly bound, 
such as occurs with bisoprolol, which is an adrenergic B- 
antagonist that takes 1 week or longer to become disassoci- 
ated from the uveal melanin of Beagles. Other B-blocking 
agents have been used in a time-release way for some time in 
glaucoma therapy. 

At the iris root (i.e., peripherally) is an annular major arte- 
rial circle from which many vessels of the iris derive. The 
location of the annular major arterial circle varies among indi- 
viduals, being most deep within the base of the iris but occa- 
sionally placed within the anteroinferior region of the ciliary 
body (Fig. 2.63A). Observations of the angioarchitecture of 
the iris have been limited to a handful of species, including 
primates, the dog, cat, pig, horse, and rat.’°77*? 

The major arterial circle, which is not an entirely enclosed 
ring in nonprimates but is complete in primates, gives rise to 
numerous radial arteries that end either in a capillary bed near 
the pupillary margin (i.e., in the dog and cat) or in a minor 
arterial circle of the iris (i.e., in primates and the pig). There is 
some debate over the presence of secondary arterial circles in 
the equine iris.”°** The functional significance of the minor 
arterial circle is unclear. 

The radial arteries to the pupil are generally tortuous in 
most animals (Fig. 2.64). The degree of tortuosity may reflect 
differences in pupil mobility between species. In the dog, 
transverse anastomosis of the radial arterioles is poorly devel- 
oped, so a minor arterial circle does not exist.*? 

The radial arteries lose the internal elastic membrane that 
occurs in the major arterial circle artery, and they have only 
one layer of smooth muscle cells, compared with two to four 
in the latter artery (Fig. 2.65). A thick basement membrane is 
present externally, which also surrounds the smooth muscle 
cells, but this membrane is interrupted by frequent myoepithe- 
lial junctions. 

A capillary network near the pupillary margin connects the 
terminal arterioles with the venules, which pass to the base of the 
iris behind the arterioles in the posterior stroma. The capillary 
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Figure 2.63. A. In many canine irides, melanocytes are concentrated in a wide band anterior to the dilator muscle (DM), as seen in the lower half of this 
iris. MAC, major arterial circle. (Original magnification, X100.) B. Large pigment-bearing cells are observed next to a small blood vessel (BV) near the 


sphincter muscle in this canine iris. (Original magnification, X400.) 


Figure 2.64. SEM corrosion cast of the anterior microvasculature of the 
equine eye. The iridal arteries (small arrows) and veins (large arrows) have 
a tortuous appearance as they progress toward the pupil. Note the iridal 
veins eventually empty posteriorly, into the anterior choroidal venous sys- 
tem (CV). MAC, major arterial circle. (Original magnification, X40.) 


endothelium is not fenestrated, but the type of intercellular junc- 
tions varies with the species. The mouse, monkey, and human 
have a tight zonula occludens, but the rat, cat, and pig have 4-nm 
gap junctions between maculae occludentes.” 

Venous drainage of the iris occurs through tortuous, radial 
vessels that empty directly into the anterior choroidal veins 
and out the vortex veins (Fig. 2.64), which typically number 
four in humans, the pig, and the cat but may vary in other 


Figure 2.65. Radial artery in iris stroma of a horse. The endothelium has 
microvillae projecting into the lumen. A basal lamina (arrows) is found exter- 
nally that also surrounds the smooth muscle processes (S). Melanocytes 
(M) and fibroblast processes (F) are found adjacent to the vessel. (Original 
magnification, X11,000.) 


species (e.g., the dog).’>8*°7 A unique variation of iridal 
venous drainage was recently discovered in the horse”: 
branches of the intrascleral venous plexus empty into the 
bases of the iridal veins, which in turn empty into the anterior 
choroidal venous circulation. 

The iridal sphincter muscle, which is a flat band of thin, 
circular bundles of unstriated muscle fibers in mammals and 
striate muscle fibers in nonmammals, is located in the stroma 
near the pupil. In the dog and cat, it lies in the posterior 
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Figure 2.66. Sphincter muscle (SM) is located more posteriorly within the stroma of the iris in the dog (A) than in the horse (B). The sphincter muscle in 
the young horse is capped by the granula iridica (G/), which is a proliferation of the posterior epithelium (PE). (Original magnification: A, X200; B, X200.) 


Figure 2.67. A. A typical vertically oriented slit pupil in which the sphincter muscles (dark lines) interlace, creating a scissorslike action during pupillary 
closure. B. The circular sphincter muscle and radiating dilators as found in primates, birds, the dog, and the pig, all having circular pupils. C. A horizontal 
pupil of an ungulate. (Redrawn from Prince JH. Comparative Anatomy of the Eye. Springfield, IL: Charles C. Thomas, 1956.) 


stroma, separated from the pigmented epithelium and subja- 
cent dilator muscle by a thin layer of connective tissue (Fig. 
2.66A). In the horse, the sphincter occupies the main portion 
of the central stroma and is capped by the granular iridica 
when present (Fig. 2.66B). The shape of the sphincter varies 
among species according to the pupillary shape (Fig. 2.67). 
The sphincter muscle is innervated primarily by parasympa- 
thetic nerve fibers. 


The iridal dilator muscle is a single layer of unstriated mus- 
cle fibers in the posterior iridal stroma extending from the iris 
sphincter to the iris periphery. These muscle fibers apically 
(i.e., posteriorly) contain pigment around their nuclei and are 
innervated sympathetically (Fig. 2.68). The basal regions of 
each cell, which contains the myofilaments, overlap one 
another in a shinglelike fashion. This cell layer could be con- 
sidered as a highly developed, pigmented myoepithelium. In 
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Figure 2.68. The canine iridal dilator muscle (DM) consists of a single 
layer of overlapping smooth muscle fibers. Apically, the nucleus (arrows) of 
each cell is partially surrounded by pigment granules. PE, posterior epithe- 
lium. (Plastic section; original magnification, X1000.) 


avian species, these intrinsic iris muscles are striated. The pos- 
terior iridal surface is then covered by two layers of pig- 
mented epithelium that continue with the epithelium of the 
ciliary body. The anterior layer, which forms the dilator mus- 
cle, is directly continuous with the pigmented epithelium of 
the ciliary body, whereas the posterior layer, which is densely 
pigmented, is directly continuous with the nonpigmented 
epithelium of the ciliary body. In herbivores, both layers may 
extend anteriorly along the pupillary margin to form the gran- 
ula iridica. In young animals, the granula iridica is smaller and 
more vacuolated (Fig. 2.66B). 

The size of the dilator muscle varies with the species, being 
well developed in the dog and involving the full circumference 
of the iris. In the horse, it is less developed, and in species with 
elongated pupils, it is poorly developed adjacent to the long 
axis of the pupil.“ 

Ultrastructurally, the basal aspect of the posterior epithe- 
lium of the iris faces the posterior chamber and has numerous 
surface projections (Fig. 2.69). The posterior surface of the 
iris contains radial folds that extend to the base of the ciliary 
processes. These folds are radially oriented, but the pigmented 
epithelial cells are oriented with their long axis running cir- 
cumferentially in the iris, thus giving rise to two patterns on 
the posterior surface.** A basement membrane separates the 
cells from the posterior chamber but does not follow all the 
invaginations of the cell surface. The lateral cell surfaces of 
the posterior epithelium have numerous slender cell processes 


Figure 2.69. SEM of the posterior iris surface of a cat. Arrows point to 
radial folds (A). Tips of ciliary processes. Note circumferential orientation of 
clumps of posterior epithelium with small bumps from melanin granules. 
(Original magnification, X81.) 


with scattered desmosomes. In general, large spaces occur 
between the lateral cell membranes, which allow free access 
to the posterior chamber. The nucleus of the iridal posterior 
epithelium in the dog is oval and moderately indented, 
whereas the nuclei in the horse are often bizarre-shaped, being 
indented by adjacent pigment granules. 

The epithelial (1.e., apical) portion of the dilator muscle 
(i.e., anterior epithelium) is located adjacent to the apical por- 
tion of the posterior epithelium and contains the cell nuclei. 
Melanin granules are mostly present in this portion of each 
cell. The myoepithelial (i.e., basal) portion has scattered 
melanin granules, and it forms irregular projections into the 
stroma, being covered by a basement membrane. In the horse, 
basement membrane material fills much of the intercellular 
space between projections of the myoepithelium. 

In avian species and other lower vertebrates, these intrinsic 
iris muscles are striated, thus preventing the mydriatic agents 
and other drugs used in mammals from being used. Instead, 
paralytic agents such as cocaine (10% solution) must be 
administered. In addition to controlling the amount of light 
that enters the back of the eye, the iris of birds is believed to 
contribute to lenticular accommodation. Changes in the pupil 
diameters of chickens and pigeons result in changes in the 
positioning of their lenses (i.e., change in back vertex dis- 
tance).** In some birds and other animals (e.g., the American 
alligator), the sphincter and dilator muscles are both striated 
and smooth. Specifically, in the great-horned owl, pupillary 
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constriction is performed mostly by skeletal muscle and pupil- 
lary dilation mostly by the radial myoepithelium, which con- 
tains smooth muscle myofilaments.” A similar arrangement 
occurs in the cormorant.' The additional smooth muscle 
along with the striated sphincter has been proposed as playing 
an important role in maintaining pupillary size. 

The iris contains numerous myelinated and nonmyelinated 
nerves for sympathetic and parasympathetic innervations. The 
myelinated fibers do not follow the iris vessels per se, but they 
have a similar pattern as they follow the collagen fibers of the 
stroma. On entering the iris, each long ciliary nerve forms a 
dorsal and a ventral branch, to form a circular nerve in the cil- 
iary body and also to meet their counterparts from the oppo- 
site side dorsally and ventrally in the iris. Radial nerve 
bundles from the circular nerve pass centrally to the pupil with 
a corkscrew shape, presumably to accommodate pupillary 
constriction. A circular plexus is formed near the collarette, 
from which branches continue toward the pupil and then 
divide and intersect to form a rhomboid-shaped mesh.'”! 

Recently, it was proposed that the widely held belief that 
reflex constriction of the mammalian pupil in response to light 
depends exclusively on neural pathways between the eye and 
central nervous system needs to be revised.'"* In both golden 
hamsters and hooded rats, effective constriction of the pupil in 
response to light occurred after a variety of interventions, 
including bilateral intraorbital optic nerve section and unilat- 
eral intracranial optic nerve section with enucleation of the 
contralateral eye, combined in some cases with bilateral 
removal of the superior cervical ganglia, pinealectomy, or 
both. The constrictions that occurred after these different inter- 
ventions were considerably slower than the usual, neuronally 
driven reflex.” Interestingly, the slow, nonneural pupillary 
reflex was not observed in albino animals, which suggests a 
melanin-mediated component to the slow pupillary light reflex. 


Ciliary Body 

The ciliary body is an anterior continuation of the choroid, 
and it joins with the iris. The largest component of the anterior 
uvea is triangular in sagittal section, with its apex continuing 
into the choroid, the inner side facing the lens and vitreous 
body, and the outer side facing the sclera (Fig. 2.58). 

The ciliary body provides nourishment and removes wastes 
for the ocular structures that focus or refract light (i.e., the 
cornea and lens). Nutrients for the refractive structures are pri- 
marily supplied by the aqueous humor of the eye, which is an 
optically clear fluid originating from vascular sinuses within the 
folds and processes of the ciliary body and draining into the iri- 
docorneal or anterior chamber angle, which forms the anterior 
boundary of the ciliary body. In the continuous process of aque- 
ous humor formation and drainage, intraocular pressure (IOP) 
is created, which is responsible for providing the eye most of its 
rigidity. 

Topographically, the ciliary body is divided into an anterior 
pars plicata (i.e., corona ciliaris) and a posterior pars plana. 
The pars plicata consists of a ring of 70 to 100 ciliary 
processes, depending on the species, with their intervening val- 


Figure 2.70. Inner surface of the ciliary body of a dog previously treated 
with a-chymotrypsin to remove the lenticular zonules possesses thin ciliary 
processes (CP), which posteriorly give rise to smaller secondary folds 
(small arrows). These folds flatten and disappear in the region called the 
pars plana (PP), which ends posteriorly at the adjoining retina, forming a 
line known as the ora ciliaris retinae (/arge arrows). (Original magnification, 
X18.) 


leys (Fig. 2.70).4 The processes, which increase greatly the 
production area of aqueous humor, are generally more promi- 
nent and numerous in animals with larger anterior chambers 
(i.e., the cow with 100 processes, the horse with 102 processes) 
than in animals with smaller anterior chambers (i.e., carnivores 
and primates with 74-76 processes) (Table 2.11).4 Among 
lower vertebrates, they are often absent (in most fishes, lizards, 
and snakes).** In addition to aqueous production, ciliary 
processes play variable roles in lenticular accommodation, 
because these structures are intimately associated with the 
crystalline lens. In anurans, birds, and some reptiles, the ciliary 
processes are attached to the lens and participate directly in 
accommodation. By comparison, the processes in mammals 
primarily serve as a region for attachment of the lenticular 
zonules, which connect the lens with the ciliary body and its 
musculature, which in turn is responsible for accommodation. 

The appearance of individual ciliary processes varies 
among species. In carnivores, the processes are thin and 
bladelike, with rounded tips that are invested with zonular 
fibers. Between the major ciliary processes, wide valleys with 
smaller, secondary folds are present. Many of the smaller sec- 
ondary folds originating near the pars plana merge with the 
major processes at their base. The surface has numerous con- 
volutions, but most of it is obscured by the investment of 
zonular fibers (Fig. 2.71).!° The zonular fibers pass down into 
the valleys, and many fibers pass posteriorly to their origin on 
the pars plana. 

In ungulates in general and the horse in particular, the ridge 
of the ciliary processes is capped by a broad, convoluted sur- 
face that overhangs the main body of the processes. 1” Numer- 
ous fibers run circumferentially, connecting the broad ridges 
together (Fig. 2.72). The combination of bridging fibers and 
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Table 2.11 Number and Shape of Processes in the Vertebrate Ciliary Body 
— 
Animal Number Size Form 
Anurans 3 (dorsal) Many (meridional) 1 (ventral) Small Variable 
Lizards Absent (ciliary roll) Triangular 
Snakes Absent (ciliary roll) Round 
Crocodile 100 Tongue-shaped 
Birds Numerous Small-Moderate Thin, elongated 
Shrew Absent (ciliary roll) 
Carnivores 74-76 Moderate Thin, finely convoluted 
Herbivores (cow, horse) 100, 102 Large Thick, broadly convoluted 


Data from Duke-Elder S. The Eye in Evolution. Vol. I. London Henry Kimpton, 1958; Prince JH. Comparative Anatomy of the Eye. Springfield, IL Charles 
C. Thomas, 1956; and Prince JH, et al. Anatomy and Histology of the Eye and Orbit in Domestic Animals. Springfield, IL Charles C. Thomas, 1960. 


Figure 2.71. SEM (sagittal view) of the inner ciliary body of a dog reveals 
numerous zonular fibers attached along the epithelial surface. (Original 
magnification, X130.) 


the broad ridge on the processes makes the valleys less spa- 
cious than the convolutions. The cap of broad convolutions 
stops before the anterior tip of the ciliary processes, which are 
free of fibers and marked convolutions. The valleys between 
the processes have marked surface convolutions, and smaller 
folds are present. 

The pars plana is the first flat, posterior portion extending 
from the posterior termination of the processes to the periph- 
eral termination of the retina (i.e., ora ciliaris retinae) (Fig. 
2.70). The width of the pars plana varies, because the retina 
extends more anteriorly in the inferior and medial quadrant in 
most species, enhancing peripheral vision. Therefore, the pars 
plana is wider superiorly and laterally. In the dog, the ora cil- 
iaris retinae is 8 mm behind the limbus dorsally and laterally 
but only 4 mm ventrally and medially.** Both regions of the 
ciliary body are heavily pigmented. The main mass of the cil- 
iary body, exclusive of the ciliary processes, consists of the 


ies 


é ied 


Figure 2.72. SEMS of the ciliary processes and zonular fibers in a horse. 
A. Ciliary process. B. Arrows point in the direction of the lens equator as well 
as to the horizontal fiber network joining adjacent process. C. Zonular fibers 
in valleys between processes. Note also the zonular fiber ensheathment of 
the ciliary processes (small arrows). (Original magnification, X41.) 


smooth muscles in mammals and the skeletal muscle in non- 
mammals. Contraction of these muscles draws the ciliary 
processes and body both forward and inward, thus relaxing 
the lenticular zonules (suspensory ligament of the lens) and 
changing the shape and refraction of the lens (see Chapter 3). 
This muscle is often weakly developed in many nonprimate 
species and as a result offers poor accommodative ability. 

The anteriormost component of the ciliary body is the ICA 
(i.e., filtration angle or anterior chamber angle). The ICA is 
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formed by the junction of the corneoscleral tunic, base of the 
iris, and an anterior recession of the ciliary body, which is 
known as the cilioscleral sinus or cleft (Fig. 2.58). Pectinate 
ligaments span the opening of the cilioscleral sinus from the 
pigmented corneoscleral junction to the root of the iris (Fig. 
2.73). Behind the pectinate ligaments and within the cilioscle- 
ral sinus is a matrix of loose tissue strands, the trabecular 
meshwork. The trabecular meshwork consists of crisscrossing 
collagen cords that are covered by cells. In the cilioscleral 
sinus, the trabecular meshwork appears to be anterior tendi- 
nous extensions of ciliary body musculature. At the expense 
of the ciliary body musculature, a proportionally larger sinus 
is found in most domestic animals than is found in humans. 
Adjacent to the meshwork are aqueous collecting channels, 
which in turn empty into the intrascleral venous plexus and 
then the vortex veins. 

Aqueous humor flows from the posterior chamber, in 
which it is produced by ciliary body epithelial cells and vascu- 
lature, and through the pupil, into the anterior chamber, and to 
the filtration angle. Aqueous flows between the pectinate liga- 
ments and into the trabecular meshwork. Aqueous humor then 
leaves the eye either through the corneoscleral trabecular 
meshwork and associated outflow channels or through the cil- 
iary body and anterior uvea (i.e., uveoscleral outflow). Most 
forms of increased IOP may be associated with increased 
resistance to aqueous outflow in both of these areas. 

An optimal balance between production of aqueous fluid 
by the ciliary body and drainage through the ICA creates the 
normal IOP. This pressure is essential for maintaining the 
shape of the eye and retaining a close adherence of the retina 
to the choroid. 


Figure 2.73. Gonioscopic view of the anterior ciliary body shows the 
fibrous strands, known as the pectinate ligament, that attach the anterior 
base of the iris to the limbus. 


Histologically, the ciliary body is divided into the ciliary 
processes, ciliary body musculature, and ICA. Each is now 
discussed in more detail. 


Ciliary Process 


Each ciliary process consists of a central core of stroma and 
blood vessels covered by a double layer of epithelium; an 
inner, nonpigmented, cuboidal epithelium, which forms a 
complete, internal monocellular lining of the ciliary body; and 
an outer, pigmented, cuboidal epithelium, which also is only 
one cell layer thick (Fig. 2.74). In ungulates, the double- 
layered epithelium is more columnar than cuboidal. 

The nonpigmented epithelium is confluent posteriorly with 
the sensory retina at the ora ciliaris retinae and anteriorly with 
the posterior pigmented epithelium of the iris. The basal sur- 
faces of these cells face the posterior chamber and can be 
quite irregular. The basement membrane of this epithelial 
layer follows the general contour, but it does not pass down 
into the small irregularities or into the intercellular spaces. 
The basement membrane helps to anchor the zonular fibers 
and vitreous base. 

The lateral cell surfaces of the nonpigmented epithelium 
have numerous villous processes along the bottom one half to 
two thirds. Cystic intercellular spaces in this region and in the 
pars plana are filled with intercellular material that have 
the staining characteristics of glycosaminoglycans (GAGs). 
The base of the cells also react positively for the same material 
(Fig. 2.75). The nonpigmented epithelium may produce the 
GAGs of the vitreous humor. These cells secrete the GAGs, 
which consist mostly of hyaluronans, laterally into the cystic 
intercellular spaces, which then communicate both with the 
vitreous base and basally.!™ 

The lateral intercellular junctions of the nonpigmented 
epithelium consist of desmosomes, except at the apical end 
(Fig. 2.76). The apical ends possess gap junctions, zonula 
adherens, and zonula occludens, which probably represent the 
anatomic blood—aqueous humor barrier.!0°-!0 

The combination of this junctional complex and the redun- 
dant interdigitations of the lateral cell surfaces support the 
general belief that this portion of the ciliary processes is the 
site of aqueous humor production (Fig. 2.77). Furthermore, 
the enzyme carbonic anhydrase has been cytochemically 
localized at or in the nonpigmented epithelium. 1 

Cellular junctions between the nonpigmented and the pig- 
mented epithelium of the ciliary process are very important, 
because these cell layers are tightly locked together in a physio- 
logic way. The types of junctions found here reflect this impor- 
tance, consisting of many gap junctions interspersed with 
desmosomes and unusual junctions termed puncta adherentes, 
which resemble desmosomes but lack the larger tonofilaments 
and associated intercellular central band (Fig. 2.76).! There 
are also dilated portions of the apical intercellular spaces with 
villous cytoplasmic processes protruding into them. These 
dilatations are termed ciliary channels, and they are usually 
near the apical termination of two adjacent cells (Fig. 2.78). 
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Figure 2.74. The ciliary epithelium that lines the processes and intervening valleys is bilayered. The outer layer is pigmented; the inner layer is nonpig- 
mented. A. Cross-section of a canine ciliary process. The bilayered epithelium, which is cuboidal, lines blood vessels (BV), which together form a 
blood—aqueous barrier. (Plastic section; original magnification, X250.) B. Longitudinal section of an equine ciliary epithelium at the base of a process. Both 
layers are considerably more columnar than those in the dog. (Original magnification, X400.) 


Figure 2.75. Colloidal iron stain demonstrates the presence of gly- 
cosaminoglycans (primarily hyaluronic acid) within the intercellular spaces 
between the nonpigmented epithelial cells (NPE) of the dog. (Original mag- 
nification, X25,000.) 


The ciliary pigmented epithelium is the continuation of the 
retinal pigmented epithelium. Anteriorly, it continues as 
the anterior pigmented epithelial layer of the iris, which forms 
the dilator pupillae muscle. The pigmented epithelium is gen- 
erally cuboidal and heavily laden with round-to-oval melanin 
granules. 


The basal aspect of the epithelium faces the ciliary body 
stroma and is covered by a basement membrane (Fig. 2.78). In 
some instances, the basement membrane of adjacent capillar- 
ies in the ciliary processes comes into contact with the base- 
ment membrane of the pigmented epithelium to form a 
thickened, irregular, common basement membrane. The lat- 
eral cell surfaces of the pigmented epithelium are joined by 
desmosomes, and the basal cell surfaces have no specialized 
junctions. The nuclei of both pigmented and nonpigmented 
epithelia are located apically. Other than the melanin granules, 
the cytoplasm contains the same organelles, consisting of 
rough endoplasmic reticulum, smooth endoplasmic reticulum, 
free ribosomes (i.e., polysomes), and mitochondria. 

A thin layer of loose connective tissue with blood vessels 
and nerves lies under the ciliary epithelium, separating the cil- 
iary body epithelium from the underlying musculature. In the 
pars plana, this tissue contains a thin sheet or layer of elastic 
fibers continuous with the elastic layer of the basement mem- 
brane complex (i.e., Bruch’s membrane) located between the 
retinal pigment epithelium (RPE) and choriocapillaris (i.e., 
capillary bed of choroid) (Fig. 2.79). 

Anteriorly, this tissue is greatly thickened, consisting of 
numerous arterioles, venules, and capillaries that form plexi 
within each fold and process of the pars plicata (Figs. 2.74 and 
2.78). The vascular plexus within the stroma of the ciliary 
process are “leaky,” being lined with a fenestrated endothe- 
lium. Fibrocytes and melanocytes are sparsely populated 
within the stroma, being more concentrated toward the ciliary 
body musculature. 
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Figure 2.76. Apical junctions of nonpigmented epithelium and pig- 
mented ciliary epithelium in a cat. The nonpigmented epithelial (NPE) 
nuclei are located apically; the wide intercellular spaces and villi can be 
seen in the basilar aspect of the intercellular spaces of the nonpigmented 
epithelium. The apical aspect of the nonpigmented intercellular space is the 
anatomic site of the blood—aqueous barrier and: contains a fascia occlu- 
dens (small arrow) and fascia adherentes (/arge arrow). The apical cell sur- 
faces contain a fascia adherentes (large arrow), gap junctions (open 
arrows), and arch-shaped gap junctions (curved arrows). The basement 
membrane (B) of the pigmented epithelium (PE) is at the bottom. (Original 
magnification, X9800.) 


NPE 


BM 


Figure 2.77. Relationship of the two layers of the ciliary epithelium and 
the basement membranes (BM) that cover their bases. The cells are joined 
by several types of cell junctions, including desmosomes (1), gap junctions 
(2), and puncta adherens (3). Only the apices of nonpigmented epithelial 
cells (NPE) are joined by a zonula occludens (4). PE, pigmented epithe- 
lium. (Redrawn from Streeten B. Ciliary body. In: Duane TD, Jaeger EA, eds. 
Biomedical Foundations of Ophthalmology. Vol. 1. Philadelphia: JB. Lippin- 
cott, 1988.) 


Figure 2.78. Ciliary epithelium with an underlying capillary in a ciliary 
process of a cat. The nonpigmented epithelium (NE) has numerous mitochon- 
dria (M). A large ciliary channel (CC) is present, as are multiple, arch-shaped 
gap junctions (AG) and zonules adherentes (ZA) in the apical intercellular 
space. The pigmented epithelium has numerous round melanin granules, and 
the basal surface has infoldings and a basement membrane (B). The capillary 
(C) abuts the epithelial basement membrane and exhibits fenestrations (F). A 
pericyte is adjacent to the capillary. (Original magnification, X9800.) 


Ciliary Body Vasculature 


The blood supply of the ciliary body derives from the two long 
posterior ciliary arteries and the anterior ciliary arteries. As 
the long posterior arteries pass into the suprachoroidal space 
equatorially along the lateromedial horizontal plane, they 
undergo several divisions, which anteriorly anastomose with 
branches of the anterior ciliary arteries to form the major arte- 
rial circle, which is located either in the base of the iris or the 
anterior ciliary body (Figs. 2.63 and 2.64). The anterior ciliary 
arteries, which arise from branches of the ophthalmic artery, 
typically enter the globe at the attachment sites for the recti 
muscles and help to supply the ciliary muscles.'° The vascu- 
lature of the ciliary processes is primarily supplied by the 
major arterial circle. 

Numerous anatomic variations of this vasculature have been 
found among mammals.'!°'!> In primates and the rabbit, two 
types of arterioles supply the major and minor processes, 
whereas in other species, a single type of arteriole originates 
from the major arterial circle and supplies the process 
vasculature.!!0!!215 Discrete interspecies variations occur in 
the angioarchitecture of the ciliary processes (Table 2.12; Fig. 
2.80). Rodents (i.e., the rat and guinea pig) have extensive inter- 
process connections and concentrically parallel capillaries that 
are irregularly dilated and travel posteriorly, emptying into the 
anteriormost choroidal veins. Carnivores (1.e., the dog and cat) 
have processes supplied by one arteriole that is directed posteri- 
orly throughout its length, with capillary arcades that extend to 


Figure 2.79. Pigmented epithelium and underlying stroma of the pars 
plana in a horse. Note the elastic tissue (E£) in the stroma (S) that separates 
the capillary (C) and the pigmented epithelium. The basal aspect of the 
epithelium has numerous infoldings (B/). Desmosomes (small arrows) 
attach lateral cell membranes. (Original magnification, X5400.) 


B 
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each process margin, from which they empty into venous 
sinuses at the base of each process. Ungulates (i.e., the pig, 
sheep, goat, and cow) possess processes with multiple arterioles 
occupying the process core, along with veins that drain into the 
choroidal circulation (Fig. 2.80).''! The ciliary processes of 
carnivores, ungulates, primates, and the rabbit possess well- 
developed capillary beds responsible for extensive aqueous 


Figure 2.80. A. Dog. B. Cow. C. Mouse. D. Rabbit E. Manatee. (Modified 
from Morrison JC, DeFrank MP, Van Buskirk EM. Comparative microvascu- 
lar anatomy of mammalian ciliary processes. Invest Ophthalmol Vis Sci 
1987;28:1325-1340; Morrison JC, DeFrank MP, Van Buskirk EM. Regional 
microvascular anatomy of the rabbit ciliary body. Invest Ophthalmol Vis Sci 
1987;28:1314-1324; and Natiello N, Samuelson D. Three-dimensional 
reconstruction of the angioarchitecture of the ciliary body of the West 
Indian manatee (Trichechus manatus). Vet Ophthalmol 2005;8:367-374). 


76 e SECTION |: Basic Vision Sciences 


Table 2.12 Microvasculature of the Ciliary Body Processes 


Animal 


Rodents 
Rabbits 


Carnivores 


Ungulates 


Primates 


Arteriolar Characteristics 


Capillary Characteristics 


Venous Characteristics 


Few anterior branches with 
midway focal, concentric 
constrictions 

Anterior and posterior 
types; multibranched 
and basally located 

Single, unbranched; located 
apically within each process 
with asymmetric constrictions 
at origin 

Multibranched and basally 
located with asymmetric 
constrictions at origin 

Anterior and posterior types; 
multibranched and basally 


Irregular, convoluted, and 
mildly branched; interprocess 
capillary connections 

Regularly shaped; moderately 
branched; anteriorly convoluted 


Regularly shaped; highly 
branched and convoluted 


Regularly shaped; 
highly to moderately 
branched 

Regularly shaped; interprocess 
ciliary connections 


Basally, posteriorly 
located; multiple venules 


Apically located, single 
posterior venule; multiple 
basally located anterior venules 
Basally located, irregular 
sinuslike along entire length; 
multiple venules emptying into it 


Basally located with multiple 
venules emptying into it along 
its length 

Multiple, basally located venules 
emptying posteriorly 


located 


a 


Data from Morrison JC, DeFrank MP, Van Buskirk EM. Regional microvascular anatomy of the rabbit ciliary body. Invest Ophthalmol Vis Sci 
1987;28:1314—1324; Mastuo N. Scanning electron microscopic studies on the corrosion casts of the blood vessels of the ciliary body. Acta Soc 
Ophthalmol Jap 1973;77:928; and Funk R, Rohen JW. Scanning electron microscopic study on the vasculature of the human anterior eye seg- 


ment. Exp Eye Res 1990;51:651-661. 


production, whereas those of rodents have weakly developed 
and uneven-sized capillary beds. 

In rabbits and primates, the ciliary process vasculature con- 
sists of three different regions or territories, each having dis- 
crete arterioles and venules.!!°!!? The first vascular territory is 
located within the anterior portion of each major process, and 
it drains posteriorly, without venous connections from the 
other two territories. In the rabbit, this territory is along the 
posterior iris, forming iridial ciliary processes (Fig. 2.80; 
Table 2.12). The second and third territories make up the vas- 
culatures of the rest of the major processes and all the minor 
processes, and they are drained by venules at the margins of 
the processes. Interestingly, when vasoconstrictors are 
applied, the earliest and strongest reaction occurs in the first 
vascular territory, followed by the second and then the 
third.!!™? The three different vascular regions within the 
processes of the ciliary body may present a functional differ- 
entiation regarding aqueous humor formation and removal. 

In the manatee, the branching arterioles give rise to a capil- 
lary-sinusoidal bed that extends internally along each process, 
emptying into two sets of veins, one being elevated. The ele- 
vated and nonelevated veins join posteriorly before emptying 
into the choroidal venous system.'!> The angioarchitecture of 
the ciliary body of the West Indian manatee is clearly unique 
when compared to those previously examined in land mam- 
mals. 


Ciliary Body Musculature 


Traditionally, the musculature of the ciliary body has been 
thought to be uniformly, poorly developed in most nonprimate 
mammals, being comprised of smooth muscle fibers running 
mainly along a meridional plane (Figs. 2.57 and 2.81). On the 
basis of ciliary body musculature development, the placental 


Figure 2.81. The ciliary body muscle fibers (CM) are mostly oriented 
along the meridional plane in the dog. These fibers are interspersed with a 
variable amount of pigmentation. CP, ciliary process; S, sclera. (Original 
magnification, X40.) 


mammalian chamber angle has been categorized for some 
time into three main groups: the herbivorous, the carnivorous, 
and the anthropoid.'!*!!’ The categorization in Figure 2.82 
was originally inspired from observations of the ciliary 
regions of the dog, pig, and ape.!!® 

The herbivorous type has been characterized as the most 
common and primitive in orders of mammals up to and 
including ungulates. This type of angle consists of an inner 
layer of connective tissue that forms a baseplate of the ciliary 
body and extends from the root of the iris to the ora ciliaris 
retinae. It also consists of an outer layer of smooth muscle that 
presses against the sclera externally and runs meridionally 
from the corneoscleral junction toward the ora (Fig. 2.83A). 
The two layers have often been referred to as “leaves” that 
separate anteriorly and form the ciliary cleft. The ciliary cleft 


Figure 2.82. Degree of development of the ciliary body musculature 
among mammalian iridocorneal angle in the ungulate (A), carnivore (B), 
and ape (C). Development is most pronounced in primates (ape) and least 
pronounced in herbivorous species (ungulate). The carnivore lies in 
between. The size of the iridocorneal angle and its cilioscleral cleft or sinus 
(CC) is inversely large or most pronounced in the ungulate. (Redrawn from 
Duke-Elder S. System of Ophthalmology. Vol. |. The Eye in Evolution. 
London: Henry Kimpton, 1958.) 


is then a triangular area that varies both in depth (i.e., length) 
and height and that functionally may be considered to be a 
posterolateral extension of the anterior chamber into the cil- 
iary body. This region was previously called the cilioscleral 
sinus, but because it neither separates the ciliary body from 
the sclera nor is a part of the ciliary venous sinus, the term cil- 
ioscleral has been changed to ciliary cleft.!!7-!! 

The ciliary cleft is not an empty space, as the name might 
imply. Rather, it is an area containing wide spaces filled with 
aqueous humor and interspersed with cell-lined cords of con- 
nective tissue. The spaces between the fibrous cords were ini- 
tially described in the ox and the horse, and they have been 
often referred to as the Fontana’s spaces. !7° 

The carnivorous type possesses a bileaflet configuration as 
well, but the fibrous inner leaf or layer is usually replaced by 
meridionally oriented smooth muscle and some radially ori- 
ented muscle fibers (Figs. 2.82 and 2.83B).!"* As in the herbiv- 
orous type, the two leaves separate anteriorly and hold a wide, 
deep ciliary cleft. In both the herbivorous and carnivorous 
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types, the ciliary cleft offers little support to properly anchor 
the iris. Compensation for wide and deep ciliary clefts is pro- 
vided by a series of fibrous strands attaching the anterior iridal 
root and inner ciliary baseplate to the limbal cornea. Because 
of their comblike appearance from observations made from 
cow eyes, these strands are called the pectinate ligament.!! 
Other names have included the suspensory ligaments of the 
iris, iris processes, and iris pillars (Table 2.13).1!” 


Table 2.13 Anatomic Terminology of the Iridocorneal Angle 


Pectinate ligament (120) 
Pectinate fibers (103) 
Suspensory ligaments of the iris (121) 
Iris processes (32) 

Iris pillars (118) 

Ligamentum pectinatum? 

Uveal trabecular meshwork (125) 
Uveal meshwork (430) 

Reticular meshwork (433) 
Spongy tissue (103) 

Fontana spaces (118) 

Ciliary trabecular meshwork (433) 
Reticulum trabeculare 
Juxta-angular aqueous plexus (130) 
Area cribriform (434) 

Endothelial meshwork (435) 
Cell-rich zone (430) 

Inner wall of .. . (117) 

Trabecular wall (117) 

Pore tissue (436) 

Ciliary cleft (117) 

Ciliary sinus (118) 

Ciliary canal (119) 


Ciliosclera sinus (103) 

Spatia anguli iridocornealis 
Corneoscleral trabecular meshwork (125) 
Corneoscleral meshwork (117) 
Cribriform ligament (431) 

Uveoscleral meshwork (145) 
Trabeculum/trabecular meshwork (103, 117) 
Scleral meshwork (430) 

Angular meshwork (117) 

Reticulum trabeculare 

Angular aqueous plexus (117) 

Aqueous plexus of Schlemm (437) 
Angular aqueous sinus (117) 

Schlemm’s canal (438) 


Trabecular vein (103) 


Modified from Samuelson DA. A reevaluation of the comparative 
anatomy of the Eutherian iridocorneal angle and associated ciliary 
body musculature. Vet Comp Ophthalmol 1996;6:153-172. 
‘Italicized print indicates terms provided by the Nomina Histologica 
(2nd ed. Rev., 1992). 
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Figure 2.83. A. The deer has the traditional herbivorous type of iridocorneal angle and associated ciliary body musculature, which forms a single outer 
“leaf” (arrows) as it lines the outer, posterior portion of the iridocorneal angle. C, cornea; /, iris; S, sclera. (Original magnification, X20.) B. The cat possesses 
the traditional carnivorous type of iridocorneal angle, which forms a “bileaflet” anteriorly (arrows). I, iris; S, sclera. (Original magnification, X25.) C. The Rhe- 
sus monkey has the anthropoid type, which consists of a small iridocorneal angle and a well-developed ciliary body musculature (arrows). I, iris; S, sclera. 


(Original magnification, X20.) 


The anthropoid type differs sharply in its configuration 
compared with the other types (Figs. 2.82 and 2.83C). The 
smooth musculature of primate ciliary bodies is generally 
believed to be the most highly developed among mammals. 
The muscle, which has three components (i.e., radial, merid- 
ional, and circular), forms a large, anterior pyramidal structure 
that provides a strong baseplate for iridal attachment. The 
anterior portion of the ciliary body musculature has, in fact, 
replaced both the ciliary cleft, which barely exists in the 
anthropoid angle, and the pectinate ligament, which vesti- 
gially consists of scattered iridal processes. 

In addition to the three basic forms of ciliary body mus- 
culature and the associated ICA, three more designs have 
been described among nonprimate mammals (Fig. 2.84).!”° 
Among herbivores, two other types have been found: the small 
diurnal herbivore, as exemplified by the squirrel; and the large 
diurnal herbivore, as exemplified by the pig. In the small diurnal 
herbivore, a deep ciliary cleft is lined by inner and outer leaves 
of fibrous tissue and smooth muscle of the ciliary body. In the 


large diurnal herbivore, there is a well-developed ciliary cleft 
and outer leaf of ciliary muscle, which anteriorly includes cir- 
cularly oriented muscle embedded within a scleral “spur.” TEM 
of different ungulates has revealed that many of the muscle 
fibers, especially those located anteriorly, course more circum- 
ferentially than meridionally.'” This difference in orientation of 
the musculature is most evident in the pig and water buffalo 
(Fig. 2.85). In these animals, circular muscle fibers are located 
near the innermost portion of the posterior end of the ciliary 
cleft (i.e., the cilioscleral sinus). These fibers and the outer, 
meridional muscle fibers are separated from the posterior ICA 
by a small ridge of dense connective tissue, which is called a 
scleral spur because of its scleral-like appearance. 

A third type occurs in “high” accommodative carnivores, 
such as the raccoon, mongoose, and ferret. In this configura- 
tion, the anterior ciliary body musculature is highly developed 
but not as an outer leaflet. Instead, the anterior musculature 
extends as a single leaflet either internally (i.e., the raccoon) 
or intermediately (Fig. 2.86). 
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Figure 2.84, Three additional configurations of the eutherian nonprimate iridocorneal angle. Ciliary body musculature is indicated by linear shading. CC, 
ciliary cleft. A. Small diurnal herbivore. B. Large diurnal herbivore. C. “High” accommodative carnivore. (Reprinted with permission from Samuelson DA. A 
reevaluation of the comparative anatomy of the Eutherian iridocorneal angle and associated ciliary body musculature. Vet Comp Ophthalmol 
1996;6:153-172.) 


the water buffalo has circularly oriented muscle fibers (arrows). CC, cilioscle- 
ral cleft; S, sclera. (Original magnification, X125.) 


Figure 2.87. The muscle of Crampton (CM) in a bald eagle is one of sev- 
eral bundles of skeletal muscle within the ciliary body, each being oriented 
meridionally. (Original magnification, X125.) 


In birds and other nonmammalian species, the ciliary body 
musculature consists of skeletal muscle cells that are prima- 
rily meridional (Fig. 2.87). At least two distinct bundles of 
muscle are positioned in this region of the avian eye: an ante- 
rior bundle, which is known as the muscle of Crampton, arises 
near the corneal margin; and a posterior bundle, which is 
known as Briicke’s muscle. In birds such as the hawk, 
Briicke’s muscle is well developed and sometimes is referred 
as two muscles: Miiller’s (anterior) and Briicke’s.? Contrac- 


Figure 2.86. The mongoose has the “high” accommodative type of irido- 3 $ ay 
corneal angle. CM, ciliary body musculature; UTM, trabecular meshwork. tion of Briicke’s muscle causes the ciliary body to push 


(Original magnification, X100.) against or squeeze the lens, thus deforming it. Contraction of 
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Crampton’s muscle, however, alters the shape of the cornea by 
shortening its radius of curvature. 

The mammalian ciliary muscle is supplied by parasympa- 
thetic fibers from the oculomotor nerve and by sympathetic 
nerve fibers. The parasympathetic fibers leave the oculomotor 
nerve branch, penetrate the ventral oblique muscle, and 
synapse in the ciliary ganglion. From the ciliary ganglion, 
short ciliary nerves penetrate the sclera about the optic nerve 
to pass into the sclera and suprachoroidal space to innervate 
the ciliary muscle and iris muscles. The sympathetic fibers 
arrive via the long ciliary nerves from the dorsal or superior 
cervical ganglia in a similar manner.'™ 


Tridocorneal Angle 


The anatomy of the aqueous humor outflow system has been 
extensively studied in humans, nonhuman primates, the dog, cat, 
rabbit, and most recently, the horse,’9-7791,97,103.107,116-122,124-132 
This system primarily consists of the ICA, which is bounded 
anteriorly by the peripheral cornea and perilimbal sclera and 
posteriorly by the peripheral iris and anterior ciliary body mus- 
culature. From amphibians to higher mammals, the ICA consists 
of an irregular, reticular network of connective tissue beams 
called trabeculae that are lined partially or entirely by a single 
layer of cells.!!7.10.131 

When viewing the angle from a frontal low-power view 
(e.g., gonioscopy, SEM), the most strikingly visible structure 
in carnivores and many herbivores is the pectinate ligament 
(Figs. 2.73 and 2.88). The pectinate ligament consists of long 
strands anchoring the anterior base of the iris to the inner 
peripheral cornea. In the dog and cat, these strands are usually 
slender and widely separated from each other, thus making it 


Figure 2.88. Frontal-view SEM of the canine iridocorneal angle. Fibrous 
pillars that attach the iris (/) to the limbus form the pectinate ligament (PL). 
Arrows indicate smaller fibrous connections between these pillars and 
uveal trabeculae located behind the pectinate ligament. (Original magnifi- 
cation, X160.) 


difficult to visualize histologically an intact pectinate ligament 
fiber for its entire length. In the rabbit and pig, the strands are 
somewhat shorter and thicker than those of domestic carni- 
vores.'*3 In contrast, most ungulates (except the pig) possess 
moderately broad to very stout pectinate ligaments (Fig. 2.89). 
The pectinate ligament is entirely lined by cells that are con- 
fluent with the anterior surface of the iris. In stout pectinate 
ligaments, the anterior chamber freely communicates with the 
ICA through pores that lead into a collection of small chan- 
nels surrounded by cords of densely packed collagen. Posteri- 
orly, the pectinate ligament anastomoses with anterior beams 
of the trabecular meshwork (Fig. 2.90). In mammals, the net- 
work of trabeculae is usually subdivided into two regions: the 
uveal trabecular meshwork, which in most animals comprises 
most of the inner ICA in area, thus forming the ciliary cleft; 
and the corneoscleral trabecular meshwork, which is similar 
in construction to the uveal meshwork but smaller both in size 
of the trabecular beams and the channels or spaces between 
the cell-lined beams (Fig. 2.90). When referring to portions of 
the ICA such as the ciliary cleft, synonymous terms have been 
frequently used. Table 2.13 lists many of these synonyms used 
to delineate regions within the mammalian ICA. 

The uveal meshwork interconnects the inner, anterior ciliary 
body musculature with the pectinate ligament (Figs. 2.85 and 
2.90). The uveal trabeculae are oriented meridionally for the 
most part. In most animals, these beams are completely encased 
by an endothelium referred to as trabecular cells. The beams 
branch increasingly toward the ciliary body musculature in 
radial and circular directions. As a result, the posterior uveal tra- 
beculae are smaller, with smaller intertrabecular spaces separat- 
ing them (Fig. 2.91). Consequently, the posterior uveal 
meshwork often merges imperceptibly with the posterior, inner- 
most regions of the corneoscleral trabecular meshwork. 

The corneoscleral trabecular meshworks of domestic ani- 
mals are characterized mainly by small trabeculae that in turn 
are separated by small intertrabecular spaces. In carnivores, 
these trabeculae are incompletely lined by trabecular cells. By 
comparison, in certain ungulates, including the horse, bison, 
and water buffalo, each trabecula is completely lined by tra- 
becular cells (Fig. 2.92). In ruminants and the pig, individual 
trabeculae can be completely lined, whereas others are incom- 
pletely lined. Composition of the trabeculae varies very little 
among species, !70-124125.130-132 The core, or center, of each 
beam is made up of circularly and meridionally oriented colla- 
gen fibers interspersed with a modified elastin.'*4 The core is 
usually enveloped by a cortical zone consisting of amorphous, 
granular material surrounded by basement membrane-like 
material (Fig. 2.93). In the cat, horse, and water buffalo, the 
larger corneoscleral trabeculae and smaller uveal trabeculae 
have multiple layers of basement membrane-like material 
within the cortical zone (Fig. 2.94).!!73° In the horse, a nar- 
row zone of thickened, rounded, corneoscleral trabeculae 
occurs between the outflow veins of the ICA and the pectinate 
ligament (Fig. 2.95). These trabeculae possess no basement 
membrane-like material; instead, they have long-spacing 
collagen similar to that seen in Descemet’s membrane. 
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Figure 2.89. Frontal-view SEM (A) and sagittal-view light micrograph (B) of the equine pectinate ligament. Anteriorly, pores (arrows) form openings that 
permit the aqueous humor to move from the anterior chamber into the iridocorneal angle. (Original magnification: A, X200; B, X100.) 


Figure 2.90. Iridocorneal angle of the bison. Arrows point to the attach- 
ment of the anterior uveal trabecular meshwork (UM) to the pectinate liga- 
ment (PL). The corneoscleral trabecular meshwork (CM), which has 
smaller trabecular beams and intertrabecular spaces, is located more pos- 
teriorly and externally. (Original magnification, X100.) 


Trabecular cells along the corneoscleral and uveal beams 
in the ICA are nearly identical in appearance in any given ani- 
mal. Moreover, they largely resemble each other from one 
species to another, being fibroblastlike with slender cell 
processes that attach repeatedly to adjacent cells and their 
processes. These processes allow the corneoscleral trabecular 
meshwork to act as a sieve, thus reducing the size of the parti- 
cles that can move into the corneoscleral meshwork.?!:135-137 
The degree of meshwork porosity varies from animal to ani- 
mal, such as being more porous in the dog than in the horse 
(Fig. 2.96). The trabecular cell also has the ability to ingest a 
wide variety of particles, which can range greatly in size.!°* 
The phagelike quality of the trabecular cell provides the ICA 
with an indigenous clearance mechanism for debris, thus 
reducing possibilities for an inflammatory response. 79! 


Figure 2.91. The inner, posterior uveal trabeculae (UT) are relatively 
small, resembling trabeculae of the corneoscleral trabecular meshwork as 
seen in the ovine iridocorneal angle. (Original magnification, X3400.) Insert. 
Most posteriorly, the fibrous beams of the uveal trabecular meshwork are 
loosely lined by trabecular cells (TC). (Original magnification, X200.) 


Within the corneoscleral trabecular meshwork of the dog is a 
region known as the operculum that forms the anteriormost area 
of the ICA.! The operculum begins a region of the ICA having 
no direct contact with the AAP and comprises much of the non- 
filtering portion of the trabecular meshwork.!*? It consists of 
both the peripheral extension of the corneal endothelium (and 
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Figure 2.92. The corneoscleral trabecular meshwork (CM) and adjacent angular aqueous plexus (AAP) in the dog (A), bison (B), horse (C), and pig (D). 
Asterisks indicate intertrabecular spaces. S, sclera. (Original magnification: All, X400.) 


the subjacent basement membrane) and the underlying, 
anteriormost portion of the corneoscleral trabecular meshwork. 
The operculum is especially well developed in the dog, rabbit, 
and nonhuman primates (Fig. 2.97).!”° The peripheral termina- 
tion of the corneal endothelium and its basement membrane 
(i.e., Descemet’s membrane) leads to what is sometimes called 
the cribriform ligament because it branches both posteroexter- 
nally, into the corneoscleral trabecular meshwork, and pos- 
terointernally, joining with the anterior uveal trabeculae. At 
present, the function of the operculum is not known; however, 
cells intimately associated with the operculum (i.e., Schwalbe’s 
line cells) are secretory in nature, able to form and release 


certain enzymes, including enolase and hyaluronans synthase 
and phospholipids surfactant-like material (Fig. 2.98).!41143-146 
Before these studies, cells along the Schwalbe line were specu- 
lated to be developmental in nature and to represent an anterior, 
vestigial remnant of the pectinate ligament in the primate 
ICA.!* While the role these cells play in the mature ICA has yet 
to be determined, Schwalbe’s line cells represent a distinct sub- 
population within most mammalian ICAs. 

The external boundary of the corneoscleral trabecular 
meshwork is formed by the sclera and a plexus of aqueous 
humor collector vessels. In mammals and most lower verte- 
brates, the aqueous humor chiefly exits the eye through the 


Figure 2.93. Corneoscleral trabecular beam in the bison. Each beam or 
trabecula has centrally placed elastic fibers (arrowheads) surrounded by col- 
lagen, which in turn is lined by a basement membrane—like material (arrows). 
TC, trabecular cells. (Original magnification, X3400.) Insert. Light micrograph 
of the corneoscleral trabeculae in the bison. (Original magnification, X400.) 


Figure 2.94. The small uveal trabecula of a water buffalo possesses mul- 
tiple layers of basement membrane-like material (arrowheads). These tra- 
beculae often contain melanocytes (ME). Asterisks indicate intertrabecular 
Spaces. (Original magnification, X15,000.) 


trabecular meshworks into these vessels (Fig. 2.92). In most 
mammals, these vessels consist of a small network of veins 
collectively termed the angular aqueous plexus, or AAP!!! 
These vessels have radially oriented lumens, differing 
from the circumferentially coursing canal of Schlemm in 
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Figure 2.95. Within the anterior corneoscleral trabecular meshwork in 
the horse is a narrow band of rounded trabeculae that consist of densely 
packed collagen, including long-spacing collagen (arrows). Me, elastic 
fiber. (Original magnification, X12,000.) 


Figure 2.96. Microspheres up to 3 or 4 m in diameter (arrowheads) can 
move into the intertrabecular spaces of the corneoscleral trabecular mesh- 
work in the dog. AAP angular aqueous plexus; S, sclera. (Original magnifi- 
cation, X400.) 


primates.'4”"! The plexiform nature of the drainage vessels 
in most mammals allows removal of a substantial amount of 
aqueous humor. The single canal in primates most likely rep- 
resents an evolutionary adaptation for removal of aqueous 
humor from a relatively small anterior chamber through a 
small, compact ICA bordered by a large and highly developed 
ciliary body musculature essential for accommodation. 

The size of the individual collector vessels (i.e., trabecular 
veins) and the tissue immediately adjacent to the AAP varies 
considerably among mammals (Fig. 2.99). The trabecular 
veins in the cow, sheep, and water buffalo are large and 
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Figure 2.97. In the rabbit, as in most carnivores and monkeys, the 
peripheral corneal endothelium and its basement membrane extend poste- 
riorly at variable lengths beyond the pectinate ligament (PL) and form the 
operculum (O). In turn, the operculum forms a lidlike cover over the anteri- 
ormost corneoscleral trabecular meshwork (TM). I, iris. (Original magnifica- 
tion, X100.) 


Figure 2.98. Cells associated with the operculum in the dog form clus- 
ters and can be linearly arranged (Schwalbe’s line cells [SLC]) within the 
anteriormost regions of the corneoscleral trabecular meshwork. O, opercu- 
lum. (Original magnification, X9800.) 


extensive. Those associated with the dog, cat, pig, and horse 
are less prominent but are still extensive. By comparison, the 
AAP of the bison is remarkably small, being only a fraction in 
size of that in the cow or sheep (Fig. 2.92). 

The area adjacent to the trabecular veins typically consists 
of a zone of cellular elements intermixed with irregularly 
arranged elastin, collagen, and basement membrane-like 
material. These elements are much more compact in the horse 
than in other mammals, except for humans (Fig. 2.92). They 
constitute a separate zone, called the juxtacanalicular zone, 
that is readily distinguished from the rest of the outer cor- 
neoscleral trabecular meshwork. The function of this zone has 
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Figure 2.99. Frontal-view SEM corrosion cast of the limbal vasculature 
in the dog. Arrows indicate the variably dilated trabecular veins that collec- 
tively make up the angular aqueous plexus, which eventually empties into 
the intrascleral plexus (/SP). (Original magnification, X80.) 
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yet to be determined, but it may contribute substantially to 
aqueous humor outflow resistance. 

In some species, including the dog, rat, rabbit, and humans, 
smooth muscle-like cells (myofibroblastic cells) have been 
observed in the trabecular meshwork, especially adjacent to 
the aqueous humor outflow channels and along the distal or 
outer walls of the AAP and Schlemm’s canal.!5%!51 In the dog, 
the interior presence of myofibroblastic cells within the ICA 
suggests that these cells and the smooth muscle cells of the 
ciliary body along the same plane of orientation function to 
facilitate the removal of aqueous humor and are likely to be 
influenced by vascular mediators. Whether all myofibroblastic 
cells play a significant role in regulation of aqueous humor 
outflow is unknown. 

GAGs form an integral component of trabeculae within the 
ICA and the area adjacent to the AAP (and canal of Schlemm). 
Treatment with hyaluronidase results in lowering of the 
IOP. GAGs appear to regulate IOP via their state of polymer- 
ization, which controls hydration capacity and swelling or 
shrinking, 15%!56 

The manner by which aqueous humor flows into the trabecu- 
lar veins of the AAP or canal of Schlemm continues to be 
debated. !20!47-149.157.158 Most of the aqueous humor is believed 
to move through large, vacuole-like structures of the inner 
endothelial cells (Figs. 2.92 and 2.100). These vacuoles become 
more prominent with increasing IOP.!°° 


Figure 2.100. Close-up of the endothelial cells that line the angular 
aqueous plexus (AAP) of the horse. These cells frequently possess large 
vacuoles that often open at the base of each cell (arrow) and, less often, 
open next to the AAP. These vacuoles are believed to be avenues for aque- 
ous humor to move through from the angle to the AAP. (Original magnifica- 
tion, X8000.) 


Uveoscleral Outflow 


Aqueous humor is not entirely removed by the various angle 
collector vessels. Some drains either posteriorly into the vitre- 
ous humor, anteriorly within the iridal stroma and across the 
cornea, or exteroposteriorly along a  supraciliary-supra- 
choroidal space into the adjacent sclera (Fig. 2.101).21126159.160 
The lattermost pathway is called the uveoscleral pathway, or 
unconventional outflow. Of the different ancillary routes, 
uveoscleral outflow is the most prominent, accounting for as 
much as 30% to 65% of the total aqueous humor being 
removed in nonhuman primates, 13% in the rabbit, 3% in the 
cat, 4% to 14% in humans, and 15% in the dog.'*°! Results of 
particle-injection studies have demonstrated this pathway to be 
open to the level of the central choroid to those particles as 
large as 3 um in diameter. One- to three-micron-diameter parti- 
cles can move into the suprachoroidal space of the horse, 
chicken, and monkey eye, but only as far posteriorly as the cil- 
iary body in the dog and cat, and they do not reach the supracil- 
lary space in the rabbit.?!135136 The need for and use of 
uveoscleral outflow varies remarkably between species. In the 
horse, the uveoscleral pathway may be just as important as the 
conventional route for aqueous humor removal. Large spaces 
of the outer uveal meshwork become confluent posteriorly, 
with a uniquely wide and well-defined meshwork between the 
ciliary body musculature and the sclera (i.e., the supraciliary 
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Figure 2.101. Aqueous humor, which is formed in the posterior chamber 
(PC), is partly exchanged across the vitreous face (V). Most of it flows into 
the anterior chamber (AC), where it is mainly removed by the trabecular 
meshwork and angular aqueous plexus (aap). Other drainage routes 
include the uveoscleral (US) pathway, exchange across iris vessels (/), and 
the corneal endothelium (C). 


Figure 2.102. In the horse, there is a well-defined meshwork, called the 
supraciliary meshwork, between the ciliary body meshwork and the sclera. 
It is possibly responsible for removal of aqueous humor via uveoscleral out- 
flow. SCT, supraciliary trabecula; TC, trabecular cell. (Original magnifica- 
tion, X3500.) Insert. Light micrograph of this meshwork. S, sclera. (Original 
magnification, X200.) 


space). This region, which has been found only in the horse, is 
called the supraciliary meshwork and most likely represents a 
major pathway for aqueous humor removal (Fig. 2.102).'*° 
Within the dog, cat, cow and horse, the outer anterior cil- 
iary body musculature (CBM) forms longitudinal and circum- 
ferential attachments to trabeculae of the ICA.'® Spaces 
between the endings of the CBM form avenues for the begin- 
ning of the uveoscleral pathway and varies in the amount of 
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a = 2 


Figure 2.103. Anterior uveoscleral outflow pathway within domestic species viewed tangentially. A. Bovine anterior uvea. (Original magnification, X20.) B. 
Porcine anterior uvea. (Original magnification, X20.) C. Equine anterior uvea at region where the posterior iridocorneal angle (/CA) connects with the supra- 
ciliary meshwork (SM). (Original magnification, X20.) D. Feline supraciliary space with supraciliary meshwork (SM) with collagenous and smooth muscle tra- 
beculae that connect the ciliary body musculature (CBM) with the sclera (S). (Original magnification, X100.) AC, anterior chamber; PC, posterior chamber; 
UTM, uveal trabecular meshwork. (All photographs are courtesy of Kara Kligman) 


extracellular matrix (ECM) material, being most developed in 
the pig (Fig. 2.103). 

In the pig, the corneoscleral trabecular meshwork is 
anchored by a scleral spur, which in turn anchors much of the 
outer CBM. As a result, the uveoscleral pathway is limited to 
small intertrabecular spaces of the posterior ICA that interface 
with the anterior CBM. Within the outer ciliary body, there are 


blood vessels in close proximity to the sclera. More posteriorly, 
the supraciliary space contains occasional collagenous trabecu- 
lae, some of which are attached to projections of the outer 
smooth muscle bundles. 16? 

In the cow and domestic carnivores, outer anterior muscle 
bundles attach the CBM to the sclera concomitant with the 
presence of an anterior elastic sheath, which is especially well 


developed in the dog. Initially, the uveoscleral pathway 
consists of small intercellular spaces lying between the attach- 
ments of the anterior smooth muscle bundles of the ciliary 
body and the posterior uveal trabecular meshwork. Within the 
supraciliary space, slender trabeculae are most numerous ante- 
riorly extending from the ciliary body obliquely and radially. 

In the horse, the outer anterior muscle bundles of the ciliary 
body are connected to branching connective tissue trabeculae 
within the uveoscleral pathway that are attached radially to the 
sclera.'%°'® Flow from the ICA to the supraciliary space 
appears direct with a modest amount of ECM. An elastic 
sheath lines this portion of the uveoscleral pathway. Trabecu- 
lae within the supraciliary space is extensive, consisting of 
either collagen or muscle. Those of muscle penetrate into the 
adjacent sclera. Both types of trabeculae are often branched 
and lined by melanocytes and become less numerous, nar- 
rower, and less branched posteriorly. 

In the cat and dog, the outer anterior muscle bundles of the 
ciliary body, which are more abundant than in the other 
domestic species, form a fine meshwork of trabecular associa- 
tions with the posterior ICA. The outer bundles are small 
throughout the entire ciliary body with branched attaching 
occasionally to the nearby sclera. Collagen trabeculae also 
attach the sclera to the ciliary body. Elastic fibers line these 
trabeculae as well as the inner portion of the sclera, especially 
anteriorly where the ciliary body begins and the ICA ends. 


Aging 
A number of age-related changes occur in the ciliary body. As 
the nonpigmented epithelium grows older, its basement mem- 
brane thickens greatly, resulting in a multilaminant, reticulated 
type.'” This thickening eventually involves nearly all the 
epithelium in older individuals. The pigmented epithelial base- 
ment membrane similarly thickens with age, producing a 
nearly identical multilaminar appearance. The nonpigmented 
epithelium thins irregularly, especially at the base of the ciliary 
processes and along the pars plana (Fig. 2.104A). The stroma 
of the ciliary body, which separates the processes from the 
muscle, concomitantly thickens because of increased amounts 
of collagen and other extracellular materials. The degree of 
pigmentation in the ciliary body, however, lessens with age, 
particularly in the pigmented epithelium along the crests of the 
ciliary processes.' Age-related changes associated with the 
ICA are well documented in humans and the dog.*7!74-!?5.132,156 
The cortical zone within the trabecula broadens in older 
individuals. This thickening is contributed partly by additional 
basement membrane-like material and partly by additional 
amorphous material. The thickened cortical zone may con- 
tribute to increased thickening of the corneoscleral trabeculae 
within the canine ICA. In noncanine species, the cortical zone 
consists of fibronectin and both regular as well as “curly” or 
long-spaced collagen.'*>'® In the dog, curly collagen has 
rarely been encountered in the ICA, having been mostly asso- 
ciated with the peripheral extension of the corneal endothe- 
lium and its basement membrane (i.e., Descemet’s 
membrane), which together can intrude as much as 0.5 mm 
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into the ICA. Use of PAS stain, which reacts strongly with 
basement membrane material, on normal canine, laboratory- 
quality (i.e., Beagle) ICAs of different ages (3 months to 8 
years) demonstrates positive reactions within the corneoscle- 
ral trabecular meshwork, especially along the posterior exten- 
sion of Descemet’s membrane. The apparent increase in PAS 
staining with age occurs mostly within the anteriormost por- 
tion of the corneoscleral trabecular meshwork, including the 
operculum. No age-related changes have been observed or 
reported within the uveal trabeculae of the canine ICA.'** 

The collagen cores also thicken because of both increased 
size of the collagen fibrils and an increment in the elastin asso- 
ciated with these cores. Perhaps the most discernable alter- 
ations of the canine ICA with regard to age are those 
associated with the extracellular fibers comprising the bulk of 
each trabecula. When comparing the average diameter of the 
collagen fibril as well as the distribution of diameter size 
within the inner and outer regions of the corneoscleral trabec- 
ular meshwork and subjacent sclera next to the aqueous 
plexus at different ages, several interesting changes have 
occurred (Fig. 2.104B,C).'* Collagen fibrils within the outer 
corneoscleral trabecular meshwork increase their average 
diameter by approximately 25% during the second and third 
years of life compared with the latter half of the first year.!° 
On the other hand, collagen fibrils within the inner cor- 
neoscleral trabecular meshwork and adjacent outer uveal tra- 
becular meshwork become progressively thinner during the 
first 3 years of life. Early age-related changes in collagen fib- 
rillar size are most remarkable within the sclera forming the 
outermost lining of the ICA, increasing nearly 100% in aver- 
age diameter over a 2.5-year period. The increase of collagen 
fibrillar size within the inner scleral wall of the limbal region 
occurs unevenly, with some fibrils remaining small and others 
attaining considerable widths. 

The elastic component within the ICA, which most likely 
provides the trabeculae with a necessary degree of resiliency, 
does not appear anatomically to be affected substantially by 
the beginning of the aging process. There may be changes, 
however, in the elastic fibers next to the AAP of old dogs that 
resemble those seen next to Schlemm’s canal in old 
mmmn E 

The appearance of the trabecular (i.e., endothelial) cells in 
both the uveal and corneoscleral meshworks changes mostly 
during the first year of life. As the cells become more sepa- 
rated spatially, they elongate and possess less clustered cyto- 
plasmic processes (Fig. 2.105). In older animals (>4 years of 
age), fewer cells are observed in both meshworks compared 
with those in younger animals (<1 year of age). Quantitative 
assessment of trabecular cells made from dogs that ranged in 
age from 3 months to 8 years reveals substantial age-related 
lowering of populations in both the uveal and corneoscleral 
trabecular meshworks (Fig. 2.106). By the end of the first 
year, the average cellular density of both meshworks has 
dropped by nearly 30%.!°° The lowering of cellular density 
during this period undoubtedly results from the overall increase 
in ICA size during the first year of life in the dog. ™*!” A 
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Figure 2.104. A. Pigmented and nonpigmented epithelia of the ciliary body in a 9-year-old dog. Note the irregularly attenuated portions (arrows) of the 
nonpigmented epithelium. (Original magnification, X400.) B. Core of a 1-year-old canine corneoscleral trabecula consists of small collagen fibrils when com- 
pared to that of a 6-year-old dog (C). (Original magnification: B, X10,000; C, X10,000.) 


further substantial decrease in cellular density is not observed 
for another 5 years, until the seventh and eighth years of age. 
The size of the ICAs in the older dogs (7-8 years of age) is, in 
fact, slightly smaller than that in the younger mature dogs 
(1-6 years of age), which may be attributed to the age-related 
increase in lens size. These changes appear to reduce the area 
available for aqueous humor outflow and, quite possibly, 
make older individuals more susceptible to any kind of insult 
that could lead to glaucoma. 


Innervation 


As mentioned previously, the ciliary musculature is both 
sympathetically and parasympathetically innervated.13167 
Cholinergic and adrenergic nerve endings have been observed 
in the various components of the ciliary body, including the 
trabecular meshwork, and within the ICA, most of these 


endings occur posteriorly. In the dog, cholinergic activity is 
most intense in the musculature, ciliary processes, and epithe- 
lium. Dense adrenergic innervation, however, is located in the 
subepithelial portions of the ciliary body.'® Species differ- 
ences in the distribution of these nerves to the eye among 
many lower mammals have been demonstrated,!® but the 
function of the cholinergic and adrenergic nerves within the 
ciliary body remains speculative.!7°!7! 


Choroid 


The choroid is the posterior portion of the uveal coat. It is 
composed primarily of blood vessels (mainly thin-walled 
veins) and pigmented support tissues. It is the main source of 
nutrition for the outer layers of the retina, which are immedi- 
ately adjacent. In primates, the anterior margin of the choroid 
joins the ciliary body along an irregular junction known as the 
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Figure 2.105. A. TEM shows that trabecular cells of the outer corneoscleral trabecular meshwork in the 3-month-old dog are clustered and intercon- 
nected by fairly prominent processes (arrows). (Original magnification, X4000.) B. TEM shows that trabecular cells in the 2-year-old dog are widely spaced 
and loosely interconnected by thin processes (arrows) in the outer corneoscleral trabecular meshwork. (Original magnification, X5000.) 
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Figure 2.106. Graph of cell density (cells per 2500 sq. mm) within the different regions (operculum, uveal trabecular meshwork [UTM], and corneoscleral 
trabecular meshwork [CSTM]) of the iridocorneal angle of the dog at different ages. 


ora serrata as the two structures interdigitate with each other 
along a serrated junction, as in humans. In most domestic 
animals, the junction is nonserrated and is called the ora 
ciliaris retinae. The choroid tends to thicken along the poste- 
rior pole, becoming thinner toward the equator. For morpho- 
logic discussions, the choroid can be divided externally to 
internally, as shown in Figure 2.107, into: 


1. The suprachoroidea, 

2. The stroma with large vessels, 

3. The stroma with medium-sized vessels and tapetum, and 
4. The choriocapillaris. 


The tapetal layer varies among species, and it is absent in 
the pig, squirrel, and many nonhuman primates. 


Suprachoroidea 


The suprachoroidea consists of elastic, heavily pigmented 
connective tissue that forms a transition between the sclera 
and the choroid. Branching collagen lamellae traverse the 
potential suprachoroidal space to fasten the choroid to the 
lamina fusca of the inner sclera (Fig. 2.107). In pigmented 
rabbits, the choroidal melanocytes are situated predominantly 
in this region, being intimately associated with elastic fibers 
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Figure 2.107. A. The canine choroid consists of the suprachoroidea (1), stroma with large blood vessels (2), stroma with medium-sized vessels and tape- 
tum (3), and choriocapillaris (4). Arrows indicate collagen lamellae of the suprachoroidea that fasten the choroid to the lamina fusca of the sclera (S). A, 
artery; R, retina; T, tapetum; V, vein. (Original magnification, X40.) B. SEM shows a close-up view of the outer choroid, where the suprachoroidea (Su) forms 
fine collagenous attachments (arrows) with lamina fusca. S, sclera. (Original magnification, X850.) 


and oxytaran fibers, and also has been reported with dermal 
pigment cells and elastic fibers in the dermis of skin.!”? Dur- 
ing preparation for histologic examinations, the choroid fre- 
quently separates from the sclera, being attached only by these 
lamellae. The suprachoroidea also functions as a posterior 
component for uveoscleral outflow. Aqueous humor that has 
moved along this narrow junction of the sclera and choroid 
diffuses into the sclera and, subsequently, the systemic circu- 
lation. The layers of melanocytes and fibroblasts and the inter- 
spersing collagen and elastic fibers may produce resistance to 
uveoscleral drainage, even though a cellular barrier has not 
been found to exist.” The long ciliary nerves and posterior 
arteries course their way anteriorly in the suprachoroidea 
along the horizontal meridian.!”4 

In birds, this region also contains a layer of nonvascular 
smooth muscle cells.” This muscle as well as that associated 
with the arteries are believed to be innervated by somato- 
statin-expressing neurons located within the avian choroid. 
The function of this band or layer of smooth muscle within the 
suprachoroidea is presently unknown, but its location suggests 
that it could play a significant role in uveoscleral aqueous 
humor outflow and JOP regulation. 


Large-Vessel Layer 


Immediately internal to the suprachoroidea is a vascular 
plexus embedded in loose connective tissue containing 
melanocytes and fibrocytes. This plexus is composed mostly 
of large veins and scattered arteries (Fig. 2.108). These veins 
merge centripetally into four or more prominent vortex veins 


Figure 2.108. SEM corrosion cast of the choroidal vasculature in the dog. 
Large arrows indicate collateralization of the intrascleral plexus (/SP) with 
the large choroidal veins (V). Small arrows indicate choroidal arteries. (Orig- 
inal magnification, X10.) 


located obliquely near the equator between the horizontal and 
vertical meridians. In cross-section, the veins are cavernlike, 
occupying 50% or more of the total volume of the choroid 
(Figs. 2.107 and 2.109). They frequently collateralize with 
each other and communicate anteriorly with anterior ciliary 
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Figure 2.110. The outer choroid in the avian (i.e., chicken) eye consists of 
sinusoids (S) that extend to the suprachoroidea (arrows) and adjacent “cup” 
of hyaline cartilage. A, arteries; V, veins. (Original magnification, X200.) 


Figure 2.109. SEM of the posterior canine eye shows the choroid (C) is 
composed mostly of large, cavernous veins (V) that drain the choriocapil- 
laris (arrows), which nourishes the outer retina (R). S, sclera. (Original mag- 
nification, X25.) 


veins, the intrascleral venous plexus, and the iridal 
veins.§”!76!77 The large arteries, which are much fewer in 
number, are mostly branches of the short posterior ciliary 
arteries, which enter the globe in the vicinity of the optic nerve 
and supply the retina, optic nerve, and the choroid. To a lesser 
extent, the choroid also receives blood from the long posterior 
ciliary arteries and the anterior ciliary arteries." 

In horses, the vessels, which also are mostly veins, tend to 
anastomose less than those in the canine eye and to run cir- 
cumferentially along the anteroposterior axis.” Vasodilation 
of choroidal vessels can be achieved by stimulation of the 
facial nerve. Recently, the presence and spatial organization of 
nerves within the choroid of the rat, the rabbit, and humans 
have been documented.!” In these three species, perivascular 
networks of diaphorase-positive nerve fibers with varicose ter- 
minals accompany the choroidal aeries and arterioles. An 
intrinsic, nitrergic nerve cell plexus, however, occurs only in 
the human eye, in the vicinity of the fovea. It remains to be 
seen if other animals, whether primates or not, possess a simi- 
lar plexus. 

In addition to providing the major source of oxygen and 
nutrients for the retina, the large vessels may act as a “cooling 
system,” dissipating the heat produced from light absorp- 
tion.'8!8! Because of the high amount of plasma proteins in 
the tissue fluid, the resulting osmotic pressure may also allow 
retinal fluids to pass into the choroid itself via the RPE and to 
assist in keeping the retina attached to the RPE.'*-184 

In the avian eye, the large veins are directly associated with 
another bed of vessels, which have been referred to as sinu- 
soids, lacunae, or most recently, the lymphatic vessels.117>!8° 
These vessels, in fact, comprise a major portion of the 


choroidal volume, and they serve as a large reservoir that may 
assist in IOP regulation by removal of fluid from the blood ves- 
sels.175185 Morphologically, the vessels are similar to the lym- 
phatic vessels, having an absence of innervation and a defined, 
basal lamina—associated smooth muscle, but having the pres- 
ence of a fenestrated endothelium. These vessels are mostly 
located next to the suprachoroidea, and they may be thought of 
as a part of it. A portion of these vessels also extends into adja- 
cent large veins as the latter exit the choroid (Fig. 2.110). 

The combination of the accessory vessels in the outer 
choroid and a thin band of smooth muscle within the supra- 
choroidea distinguishes the avian from the mammalian choroid. 
As an experimental model for mammals, especially primates, 
the avian choroid should be used with considerable caution. 


Medium-Sized Vessel and Tapetum Layer 


A small layer of medium-sized vessels and pigmented reticular 
connective tissue lies internally to the large-vessel layer. These 
vessels are emissaries between a single sheet of capillaries and 
the layer of large blood vessels. The medium-sized vessels, 
especially the arteries, dichotomously branch, radiating 
slightly inward in a fanlike manner from the larger vessels. The 
cells surrounding these vessels consist of melanocytes and 
fibrocytes. In heavily pigmented individuals, the melanocyte is 
the predominant cell type. In most domestic animals, the 
melanocyte possesses characteristically oval-to-round melanin 
granules ranging from 0.1 to 4.0 um in diameter (Fig. 2.111). 
The extracellular space consists of loosely arranged bundles of 
collagen mainly running parallel to the choroidal surface, and 
it is interspaced with numerous elastic fibers. 

Nonmyelinated nerve fibers usually occur in association 
with the vascular system (Fig. 2.112). The nerves in the 
choroid are predominantly associated with the vascular sys- 
tem, and most of the nerves are associated with the arterial 
system. They arrive in the choroid as short ciliary nerves 
around the optic nerve and provide numerous collaterals in the 
posteroanterior route. They follow the short posterior ciliary 
artery branches, and they give off anastomotic branches. Most 
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Figure 2.111. TEM showed that choroidal melanocytes (M) in the pig are 
filled with oval-shaped melanosomes and interspersed between blood ves- 
sels (BV) as well as loosely arranged collagen fibers (arrows) and fibro- 
cytes (F). (Original magnification, X4800.) 


Figure 2.112. Choroidal artery and vein in the dog. The lower artery (A) 
is ensheathed with smooth muscle cells (SM), having a basal lamina, 
numerous dark densities, and pinocytotic vesicles on the cell surface. A 
nonmyelinated nerve fiber (N) is in close association with the smooth mus- 
cle. A vein (V) with a granulocyte (G) is separated from the artery by colla- 
gen fibrils and fibroblastic processes. The vein wall is thin, consisting of a 
nonfenestrated endothelium (£). (Original magnification, X4600.) 


of the nerve endings are motor to the smooth muscles of the 
arteries. 

In most domestic animals, the dorsal portion of the choroid 
at the medium-sized vessel layer contains a layer of reflective 
tissue called the tapetum lucidum. The tapetum is roughly trian- 
gular in shape when viewed funduscopically, and it varies in 
color (Fig. 2.113). It reflects light that has passed through the 
retina and thus restimulates the retinal photoreceptor cells. The 
tapetum lucidum is responsible both for the “eyeshine” seen at 
night when animals face a light and for the variable background 
color of the ocular fundus (background of the eye as viewed by 
light projected inside the eye) (Fig. 2.114). Animals without a 


Figure 2.113. With the anterior half of the globe removed, the entire view 
of the tapetum lucidum (7) is seen in the dog. The tapetum lucidum, which 
is always located dorsally, usually ends along the horizontal plane next to or 
including the optic nerve head (ON). 


Figure 2.114. “Eyeshine,’ or light being reflected back by the tapetum 
lucidum, in the bushbaby. The left eye reflects light poorly because of a 
cataract. 


tapetum lucidum (i.e., humans, the squirrels, red kangaroo 
[Macropus rufus], and pig) have diurnal habits and red or 
orange to pale gray (depending on the amount of choroidal pig- 
mentation) fundus reflections.!8° The red-to-orange back- 
grounds result from reflection of light from choroidal blood 
vessels in less-pigmented individuals. 


The tapetal layer is composed of regularly arranged col- 
Jagenous fibers in herbivores (i.e., the tapetal fibrosum in the 
horse, ox, sheep, and goat) and of specific polyhedral cells, or 
iridocytes, containing reflecting crystals in carnivores (i.e., the 
tapetal cellulosum in the dog and cat). Animals with a tapetum 
show great color variation depending on breed, species, age, 
and amount of pigmentation. When the eyes have been enu- 
cleated and placed in a standard formalin fixative, the color 
may fade or change, as in the dog. 

Microscopically, the tapetum is interposed between the 
branching vessels in the choroid and the single layer of the 
choriocapillaris beneath the retina. The thickness of the tape- 
tum varies, being multilayered at its center and thinning to a 
single cell (or lamella) at its periphery as well as adjacent to 
the optic nerve. 

The tapetum lucidum develops late in animals born with 
immature eyes (e.g., the dog and cat). It is usually completely 
developed by 4 months of age. Animals born with mature eyes 
(e.g., ungulates and equines) have a well-developed tapetum 
at birth. The degree of pigmentation of the animal apparently 
has no affect on development of the tapetum. A comparison of 
pigmented and albino ferrets revealed no morphologic differ- 
ences of their cellular tapeta at both the light microscopic and 
the transmission electron microscopic levels.!8” 

Carnivores have cellular tapeta. Not all carnivores possess 
functionally developed tapeta, however, and not all animals 
with cellular tapeta of the choroid are carnivores.188-1 The 
tapetum lucidum of the ranch mink (Mustela sp.) can consist 
of a few layers of tapetal cells with little reflective material 
and that are arranged haphazardly.'** Little is known of the 
wild mink, but domestication of this animal may have 
influenced tapetal development, though ranch mink can have 
seven or more layers of tapetal cells.!°! The tapetum lucidum 
of the paca or spotted cavy (Cuniculuc paca), however, which 
is a member of the Rodentia, is cellular, consisting of several 
layers of ovoid-to-flattened cells within the superior 
choroid.!**:!? The electron-dense rodlets, which are typically 
uniform in diameter and highly organized in carnivores, 
vary in size, shape, and orientation in the paca, thus making 
this tapetum lucidum unlikely to provide constructive 
interference. 

Histologically, the tapetum cellulosum is composed of rec- 
tangular-shaped cells that, in the central region, may be up to 
35 cell layers deep in the cat, 15 layers deep in the dog, and 7 
to 10 layers deep in the domestic ferret (Figs. 2.115 and 2.116; 
Table 2.14).1911°3-1 This number is gradually reduced toward 
the periphery until the tapetum cellulosum is replaced by reg- 
ular choroidal stroma. From the underlying choroidal stroma, 
numerous small vessels penetrate the tapetal layer to form a 
single-layered capillary bed known as the choriocapillaris net- 
work on the surface of the tapetum. Iridocytes have a round 
nucleus with a prominent nucleolus; in tangential sections, the 
tapetal cells are polygonal. 

The most striking ultrastructural feature of tapetal cells in 
the dog and cat is the presence of numerous slender, electron- 
dense rods in the cytoplasm. These rods in the cat are densely 


Chapter 2: Ophthalmic Anatomy e 93 


Figure 2.115. Montage of the kitten retina and inner choroid. Dark 
arrows point to capillaries penetrating tapetum. Open arrows indicate reti- 
nal blood vessels. C, choroid with numerous blood vessels and 
melanocytes; T, tapetal cells; 1, retinal pigmented epithelium (not pig- 
mented over tapetum); 2, layer of rods and cones; 3, internal limiting mem- 
brane; 4, external nuclear layer; 5, external plexiform layer; 6, internal 
nuclear layer; 7, internal plexiform layer; 8, ganglion cell layer; 9, nerve fiber 
layer; 10, internal limiting membrane. (Plastic section; original magnifica- 
tion, X75.) 


packed, uniform in size, circular in cross-section (approxi- 
mately 0.23 um X 4-5 um), and circumferentially arranged 
into highly organized groups (Fig. 2.117). The sides of adja- 
cent tapetal cells have a wider intercellular space, separated 
by collagen and elastic fibrils, than the ends of the cell, which 
are in closer apposition to each other. Within each cell, there 
may be several groups of rods, often oriented at right angles to 
each other but still maintaining their long axis parallel to the 
retinal surface. The rods are membrane-bound and pack the 
cytoplasm so that the remaining organelles are limited to 
the perinuclear region and the cell periphery. Melanin gran- 
ules are present in small numbers in the tapetal cells adjacent 
to the choroid.!?”!98 Moreover, in some choroidal melano- 
cytes next to the tapetum lucidum of the cat and dog, the 
melanosomes can be regularly arranged.'” This as well as the 
ability of the tapetal rods to bind calcium at a level similar 
to melanin suggest that in all likelihood, the iridocyte is a 
modified melanocyte. 

The chemical composition of the tapetal layer varies among 
species. A high level of zinc (1.e., zinc cysteine) is present in 
the iridocytes in both the dog and ferret tapeta, whereas the iri- 
docytes contain abundant riboflavin in the cat and are abundant 
in sulfur in the paca.!® The tapetal rods are believed to con- 
tain the high concentrations of these substances.” In the cat, 
morphologic similarities between melanin granules (i.e., as in 
the anterior iris) and the tapetal rods, presence of both rods and 
melanin granules in the iridocytes, and localization of melanin 
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Figure 2.116. The carnivorous tapetum lucidum consists of layers of cells, called iridocytes, which vary in number, size, and composition. A. The cougar. 
B. The dog. C. The ferret. D. The cat. (Original magnification: All, X200.) 


Table 2.14 Choroidal Tapeta Among the Vertebrates 


Type of Reflective Thickness; Number of Size of Fibrils or || 
Classification Tapetum Material Cell Layers or Crystals Rodlet Dimensions 
Fishes 
Elasmobranchs, Squalus Occlusible Guanine crystals 60-80).m 12-13 superposed crystals 
Elasmobranchs, Port Jackson Shark Occlusible Guanine Length: 5-8um Width: 0.1m 15-20 superposed crystals 
Placentals 
Carnivores 
Dog Cellulosum Zinc Cysteine 9-15 layers Length: 4um 
Diameter: 0.14,.m 
Spacing: 0.20um 
Zinc Cysteine 
9-11 layers 
15-20 layers Length: 4um 
Diameter: 0.18um 
Spacing: 0.20um 
43m; 10-12 layers 
Cat Cellulosum Riboflavin 15-20 layers Length: 4-6.m 
Diameter: 0.10-0.12.m 
Spacing: 0.15pm 


Riboflavin, Zinc 
Ferret Cellulosum Zinc Cyteine 
Zinc Cyteine 
Ranch Mink Cellulosum 
Pinnipedes 
Seal (Grey seal) Cellulosum R 
Ungulates 
Cow Fibrosum 
Sheep Fibrosum Collagen 
Lemurs 
Lemur (Galago crassicaudatus) Riboflavin 
Rodents 
Paca Cellulosum Y 
Primates 
Nonhuman (Aotus) Fibrosum Collagen 
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16-20 layers 

30 layers 

18-30 layers Diameter: 8—-10um 
Length: 0.15um 
Spacing: 0.08nm 

6-10 layers Diameter: 5m 
Length: 0.23nm 
Spacing: 0.40um 

35 layers 

7-10 layers 

5-7 layers Diameter: 3—4um 


Length: 0.138-0.15um 
Diameter: 64m 
Length: 0.20um 
Spacing: 0.30um 


50m; 10-15 layers 


30pm; 2-3 layers Nonregular 


30-35 layers Diameter: 5-6um 
Length: 0.10um 
Spacing: 0.15m 


Diameter: 0.15pm 
Spacing: 0.20m 
Diameter: 0.20um 
100-200um Diameter: 0.15m 
Spacing: 0.20um 
100-200um Diameter: 0.15m 
Spacing: 0.08um 
140 rows per layer: 9-16 layers Diameter: 0.15m 
Spacing: 0.18um 


12-15 Diameter: 8-10.m 
Length: 0.2-0.25).m 


Spacing: 0.15.m 


From Ollivier FJ, et al. Comparative morphology of the tapetum lucidum (among selected species). Vet Ophthalmol 2004;1:11-23. 


precursors are suggestive of a possible common origin for 
tapetal rods and melanin granules. !97-!°80! 

In ungulates, closely and regularly arranged collagen fibers 
comprise the tapetum, which is often referred to as a fibrous 
tapetum. The fibrous tapetum is basically acellular, except for 
an occasional fibrocyte (Fig. 2.118). The collagen fibrils are 
organized into well-ordered lamellae that branch and inter- 
connect with adjacent lamellae at the same level, being paral- 
lel with the retinal surface. Roughly several hundred of these 


lamellae or layers are estimated to comprise the fibrous tape- 
tum of the sheep.”” The collagen fibrils within each layer vary 
little in diameter, being approximately 80 nm, and have a reg- 
ular spatial arrangement similar to that seen in the corneal 
stroma (Figs. 2.40 and 2.119). 

Small blood vessels, typically capillaries, penetrate the 
tapetum at right angles to the long axes of the iridocytes in 
carnivores and to the collagen lamellae in herbivores, directly 
interconnecting the medium-sized blood vessels with the 
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Figure 2.117. Tapetal cells of a cat. The main cytoplasmic components 
are the rods; mitochondria (M) are infrequent. The rods are uniform in a 
group concerning spatial orientation, but more than one group is often pres- 
ent within a cell (arrows). The sides of adjacent cells have wide intercellular 
spaces with scattered collagen fibrils (C), whereas the ends of the cells are 
in close apposition. N, nucleus of tapetal cell. (Original magnification, 
X7750.) 


Figure 2.118. Inner choroid and outer retina of a young horse. 
Large choroidal veins (CV) lie under the fibrous tapetum (FT), which is sep- 
arated from the outer retinal epithelium by the choriocapillaris (C) and 
Bruch’s membrane (B). The epithelium (E) contains very few pigment gran- 
ules over the tapetum. EX, external limiting membrane; /N, inner nuclear 
layer, ON, outer nuclear layer; OF, outer plexiform layer; PI, photoreceptor 
inner segments; PO, photoreceptor outer segments. (Original magnifica- 
tion, X375.) 


Figure 2.119. Fibrous tapetum in a horse. Collage fibrils (C) of quite uni- 
form diameter and spatial orientation are seen in cross-section. Fibroblastic 
cell processes (f) are present between lamella. OC, obliquely sectioned col- 
lagen fibrils. (Original magnification, X17,500.) 


Figure 2.120. Capillaries (C) vertically interconnect medium-sized blood 
vessels with the choriocapillaris (CC) in the cat. The iridocytes (/), or tapetal 
cells, line up evenly next to these capillaries. The end of each iridocyte is 
bordered by mitochondria (m). F, fibrocyte. (Original magnification, X7200.) 


choriocapillaris (Fig. 2.120). When observed end-on ophthal- 
moscopically, these vessels are sometimes called the “stars of 
Winslow.” In the dog and cat, these vessels are separated from 
the iridocytes by a small amount of loose connective tissue 
and a lining of fibroblasts (Fig. 2.120). 

In nonmammalian species, the tapeta lucida can be retinal 
instead of choroidal, especially among fish and to a lesser 
degree, reptiles. In most of these instances, either lipid- or 
guanine-laden material lies within the cytoplasm of the retinal 
pigment epithelium (retinal tapetal lucidum) (Table 2.15).!9!?% 
Among teolosts, movement of melanin granules within the reti- 
nal pigment epithelium can occur with the melanin granules 


Table 2.15 Retinal Tapeta among the Vertebrates 
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Reflective Material (Nature, Shape, Size) al 


| classification Type of Tapetum 
Fishes 
Teleosts 
Seatrout Occlusible 
Gars Occlusible 
Toadfish Argenteum stratum occlusible 
Reptiles 
Crocodiles 


Alligator mississippiensis 
Caiman crocodilus Occlusible 
Caiman sclerops Nonocclusible 
Marsupials 
Opossum Nonocclusible 
Placentals 

Bats 


Fruit Bat (Eidelon) 


Spherules triglycerides; diameter 0.4m 
Spherules yellow pigment (phenolic compound); diameter 0.24m 
Acid uric 


Spherules guanine 
Spherules guanine; length 0.7m; diameter 0.12m 
Guanine 


Lipoidal spherules; cholesterol and esters 


Spherules 


From Ollivier Fu, et al. Comparative morphology of the tapetum lucidum (among selected species). Vet Ophthalmol 2004;1:11-23. 


Figure 2.121. Choriocapillaris in the dog. A. The choriocapillaris (CC) forms the innermost layer of the choroid, being a wide capillary bed intimately asso- 
ciated with the RPE. 7, tapetum cellulosum. (Original magnification, X3000.) B. Note the numerous fenestrations (F) in the endothelium with a diaphragm. 
Bruch’s membrane in most places consists of only the fusion of the pigment epithelium and the endothelial basal lamina (dark arrows), but small amounts of 
the collagenous zone are visible when they separate (light arrows). Note how the tapetum (7) is buffered from the capillary by a layer of collagenous tissue 
(C). Note also the lack of pigment in the pigmented epithelium (PE) over the area of the tapetum. (Original magnification, X12,400.) 


migrating toward the vitreous humor during ocular 
illumination, causing the reflective material to become masked 
or occluded. Consequently, these retinal tapeta are referred to as 
occlusible. In some fish (elasmobranchs), the retinal tapeta are 
occlusible, but not because of melanin movement. In these 
instances, the processes of the retinal pigment epithelium, 
which are filled with melanin granules, move inwardly along 
the perimeter of each photoreceptor’s outer segment while 
concomitantly the visual cell moves toward the retinal pigment 
epithelium (e.g., retinomotor movement). 


Choriocapillaris 


The choriocapillaris is the innermost layer of choroidal ves- 
sels, forming a thin layer of capillaries separated from the 
RPE by a basement membrane complex known as Bruch’s 
membrane (Fig. 2.121). The lumen of the choriocapillaris is 
fairly wide, allowing red blood cells to pass through two to 
three abreast. The endothelial lining of the choriocapillaris 
possesses numerous circular fenestrations, which are often 
arranged in rows. External to the endothelium is a basement 
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membrane forming the external layer of Bruch’s membrane. 
Bruch’s membrane is not as well developed a structure in the 
eyes of many domestic animals as it is in the eyes of primates. 
In most diurnal species that lack a tapetum lucidum, including 
pigs, primates, and so on, Bruch’s membrane is pentalami- 
nated, consisting of basal laminae of the RPE and choriocapil- 
laris endothelia, two adjacent layers of collagen, and an 
intervening band of elastic fibers. In animals with tapeta, and 
especially with cellular tapeta, Bruch’s membrane is reduced 
to a trilaminated structure consisting of the two basal laminae 
and a layer of collagen. 


Aging 


Besides providing oxygen and nutrients for the outer retina, 
the choroid serves largely as a “black box” of sorts because of 
the abundance of melanocytes that usually reside there. 
Changes in this black box with regard to age do occur, but 
they also appear to be minimal. In the pig, the amount of area 
occupied by melanocytes in the central choroid remains rela- 
tively unaltered throughout life; however, with time, the indi- 
vidual melanocyte decreases in density significantly.2°? 
Even so, the natural depletion of this cell type is offset by an 
increase in its size as the animal ages (Figs. 2.122 and 2.123). 
A similar trend appears to occur in the monkey, and it could 
well occur in most other animals as well.?°°?° Nutrition, and 
especially dietary zinc, has a profound effect on porcine 
choroidal pigmentation and other ocular melanin in older 
animals,205:209-21 1 


LENS 


The lens is a “fine-tuning,” refractive structure that focuses sharp 
images on the retina for acute vision. It is suspended by zonular 
ligaments arising from the ciliary epithelium and attaching to the 
lens capsule at the lens equator. In many mammals, birds, and 


Figure 2.122. Central choroid of a 1-year-old Yorkshire boar contains 
numerous spindle-shaped melanocytes (arrows) throughout the entire 
medium- and large-vessel layers. (Plastic section; Toluidine blue O stain; 
original magnification, X1000.) 


Figure 2.123. Central choroid of a 6-year-old Yorkshire boar has gener- 
ally larger melanocytes than those in younger animals. Many of the 
melanocytes (arrows) are rounded, especially within the large-vessel layer. 
(Plastic section; Toluidine blue O stain; original magnification, X1000.) 


reptiles, the lens is biconvex, with the degree of convexity 
changing during accommodation because of elasticity of the 
capsule and the pliability of the lens substance. In young mam- 
mals, the lens is quite soft, with only a small, central, denser 
nucleus. The nucleus becomes larger and more dense with age, 
which reduces the ability of accommodation as the lens ages. 
Some mammals, including monotremes, marsupials, herbivores, 
aquatic (primarily marine), placentals, and many nocturnal types 
such as the rat, have no accommodative mechanism. Others, 
such as ungulates, accommodate weakly, having poor near 
vision; as a result, they rely more on smelling and hearing to 
detect nearer objects. 

The basic function of the lens, as in a camera, is to focus 
light onto the retina, thus producing a clear, sharp image. The 
crystalline lens is the fine-focusing mechanism for the eye. Of 
the approximately 60 diopters of total refractive power of the 
eye, the lens contributes approximately 13 to 16 diopters in 
humans. In the dog, the dioptric power of the lens contributes 
approximately 40 diopters. The remaining refraction is pro- 
vided by the cornea. 

The refractive power of the lens is lessened because the 
change of refractive index is much greater at the air—cornea 
interface than at the aqueous—lens and lens—vitreous interfaces. 
To function, the lens must be transparent, in a stable position, 
and able to change its shape (i.e., accommodation). The lens is 
totally epithelial in nature, containing no pigment or blood ves- 
sels that would decrease transparency. It is held in place by 
numerous zonules, which extend from the ciliary body processes 
to the equatorial region of the lens. Contraction of ciliary body 
muscles reduces the tension on these lenticular zonules, which 
changes the lens shape because of the natural elasticity of the 
lens capsule, resulting in alteration of the dioptric power 
(increased) of the lens (accommodation). The lens is also held in 
place by the vitreous (i.e., the patella fossa) and the support of 
the iris. The lens is a transparent, avascular tissue deriving meta- 
bolic needs primarily from the aqueous humor. Any opacity of 


the lens and its capsules is termed a cataract. Cataracts vary in 
degree of involvement, location, cause, and clinical significance. 
Nuclear sclerosis (discussed later) is neither a cataract nor a 
result of cataract formation, but a normal aging phenomenon. 
The lens is proportionately larger in domestic animals than 
in humans. The dog lens has a volume of approximately 0.5 
ml and averages 7 mm in thickness at the anteroposterior axis, 
with a 10-mm equatorial diameter. The proportion of lens 


Table 2.16 Lens Data in Domestic Animals 


Radius of 
Animal Volume Vol. =1 Vol. In Weight Lens Axis Diameter Position Anterior Posterior 
(ml) to Percent of (9) Weight of Posterior Surface Surface 
Eyeball Eyeball =1to Lens 
Volume Volume Eyeball Wt. Surface 
Horse Mathiessen — — — — — 12.1 18.0 18.5 155 12.0 
— — — — — 13 19.0 19.0 21.0 13.0 
— — — — — 13.2 20.0 — — = 
Berlin — — — = = 13.25 19.5 21.75 13.5 9.5 
Koschel — — — 5.2 19.4 12.6 20.0 Al 14.0 10.1 
Emmert 2.8 16.13 6.14 3.5 = 12.0 21.75 — — = 
3.5 — — 3.6 — 14.0 22.0 — — — 
Linsenmeyera 3.04 = — = = 13.27 21.25 — — — 
Klingsbert — — — — — — — 20.4 18.85 11.19 
Nicolas and — — = = = 12.0 — — = = 
Fromaget 
= == = = = 15.0 21.0 = 17.7 3 
Arloing and — — — = — 14.0 17.0 — = — 
Chauveau 
Frank and — — — = = 12.0 21.0 = 15.0 10.0 
Leisering 
Dexler — — — — — 12.1 20.98 19.5 19.3 11.85 
Rabl — — — — — 12.28 21.14 — — = 
Bayer — — — — — 12.75 21.0 21.11 15:5) 10.0 
Mule Mathiessen — — — — — 13.2 20.0 19.0 15.0 12.0 
— — — — = 12.2 18.0 = = — 
Cow Mathiessen — — = = = 12.0 TS 17.0 13.75 10.25 
Moenich — — — — — 12.0 18.37 17.4 14.8 10.23 
Peschel — — — — — 12.45 — — 14.26 9.60 
Koschel — — — 4.3 15.1 12.0 18.7 16.2 RS 9.7 
Ox 2.2 — — 2.25 — — — — = = 
Emmert 2.3 14.5 6.9 2.4 — 12.0 17.25 — = = 
2.0 15.0 6.6 — — — = — = = 
Rabl — — — — = 14.6 19.55 — 11.91 10.22 
— — — — = 14.88 18.65 — UTT 10.33 
— — — — — 14.76 19.10 — 10.87 9.77 
Bayer — — — — = 125 18.0 17.0 14.0 9.5 
Calf Wolfskehl — — — — = — — — 6.61 8.35 
Koschel — — — — — — — 16.62 — = 
(Continued) 
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volume to entire globe volume ranges from 1:8 to 1:10 in the 
dog. The equine lens, on the other hand, has a volume of 
approximately 3 ml and a lens—globe ratio of 1:20. Lens vol- 
umes of the sheep, cow, and pig lie between these figures and 
their respective lens—globe ratios (Table 2.16). The lens itself 
consists of an enveloping basement membrane structure 
called the lens capsule, an anterior epithelium, and a cellular 
stroma consisting of lens fibers (Fig. 2.124). 
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lable 2.16 Lens Data in Domestic Animals (Continued) 


Animal Volume Vol.=1 Vol.in Weight Lens 
(ml) to Percent of (g) Weight 
Eyeball Eyeball =1to 
Volume Volume Eyeball Wt. 
Emmert — — — = = 
1.0 18.0 5.5 — — 
Bayer — — — — = 
Sheep Koschel — — — 2.3 10.0 
Emmert 0.9 — — = = 
We 13.1 TS = = 
Dexler — — — — = 
Rabl — — — — — 
Pig Mathiessen — — — — = 
Koschel — — — 1.55 12.3 
Emmert 0.5 12.4 8.1 = = 
0.8 — — — = 
Linsenmeyerb 0.46 — — = == 
Rabl — — — — — 
Dog Koschel — — — 1.07 9.3 
— — — 155 8.0 
Emmert 0.5 10.2 9.8 = = 
Rabl — — — — — 
Cat Mathiessen — — — — — 
Koschel — — — 1.47 7.4 
Emmert 0.5 9.8 10.0 — = 


Translated from Bayer J. Angenheilkunde. Vienna; Braumueller, 1914. 
@Average of 40 measurements. 
Average of 20 measurements. 
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Figure 2.124. Composite drawing of the lens, capsule, and attachments. The anterior lens epithe- 
lium is seen face-on (A). The size and shape of these cells are compared with those in the intermedi- 
ate zone (B) and in the equatorial zone (C). At the equator, the dividing cells elongate to form lens 
cortical cells (fibers). As they elongate anteriorly and posteriorly toward the sutures, their nuclei 
migrate somewhat anterior to the equator and form the lens bow. Zonular fibers (zf attach to the 
anterior and posterior lens capsule (/c) and to the equatorial capsule, forming pericapsular or zonular 
lamellae of the lens. Lf lens fibers seen in cross-section. (Modified from Hogan Mu, Alvarado JA, 
Weddell JE. Histology of the Human Eye. Philadelphia: WB Saunders, 1971.) 


Lens Capsule 


The lens is completely enclosed within a thick, PAS-positive 
elastic capsule, which is the exaggerated basement membrane 
of the lens epithelium. It has elastic properties but no elastic 
fibers.” The thickness of the capsule varies by region, with the 
thinnest being the posterior pole. The canine lens capsule is 8- 
to 12-um thick at the equator, 50- to 70-um anteriorly, and 
only 2- to 4-um thick posteriorly. Most of the capsulate thick- 
ening occurs during the first year of life (Table 2.17).?”” 

The lens capsule itself consists of fibrils and basement 
membrane material that are laminarly arranged (Fig. 2.125A). 
As the capsule continues to thicken, new fibrils are formed 
adjacent to the cell membrane of the epithelial cells, thus 
causing the outer fibrils to become more compressed. Only the 
epithelial cells can produce new capsule material. Ultrastruc- 
turally, the laminated appearance of the anterior capsule fades 
quickly with age. By 1 to 2 months after birth, the lens capsule 


Table 2.17 Lens Capsule Measurements in the Dog 


Anterior Posterior 
Age Pole (um) Equator (um) Pole (um) 
Neonatal 189 3.8 1.9 
1 week 29 4.8 Wee) 
4 weeks 6.7 7.6 3.8 
8 weeks 10.5 7.6 3.8 
12 weeks 20.9 7.6 3.8 
16 weeks 21.9 7.6 3.8 
1 year 48.5 7.6 3.8 


Courtesy of M Monaco. 
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assumes a homogenous appearance, which remains through- 
out life (Fig. 2.125B). 

As in most basement membranes, the main component of 
the lens capsule is type IV collagen. Type IV collagen consists 
of a densely packed, three-dimensional branching network of 
fine microfibrils forming five-sided figures.” ; 


Anterior Epithelium 


Inside the anterior capsule is a single layer of lens epithelial 
cells. These epithelial cells continue to produce new capsule 
material, which, as stated previously, is the basement mem- 
brane for these cells. The cells are cuboidal to squamous cen- 
trally, become columnar near the equator, and elongate into 
slender hexagonal lens fibers. Nuclei are lost as they mature and 
move centrally. The lens epithelium lines only the anterior sur- 
face of the lens capsule and the equator postnatally. The poste- 
rior lens epithelium is used to form the embryonic primary lens 
fibers and, thus, normally is absent under the posterior lens cap- 
sule later in life. The epithelium is cuboidal early in life both 
near and at the anterior pole of the lens (Fig. 2.126A).?'4 In 
older individuals, these cells become increasingly more squa- 
mous, undergoing the same kind of change in form that occurs 
in the corneal endothelium. Their cytoplasm, which becomes 
coarser in appearance, now has fewer organelles, and especially 
rough endoplasmic reticulum, than younger cells (Fig. 2.126B). 
The cell apices face the outer lens fibers, being attached to the 
underlying cortical fibers by tight junctions (i.e., zonula occlu- 
dens) and macula adherens.>2?!2,2!5.216 

Mature lens fibers become highly dependent on the ante- 
rior epithelium for maintaining a critical level of dehydration, 
which allows the soluble proteins to be functionally effective, 
and for providing a healthy level of reduced glutathione. The 


Figure 2.125. A. The canine lens capsule near the anterior pole shortly after birth consists of lamellae of fibrils and coarser basement membrane mate- 
rial. B. In the young adult, these lamellae are only partially visible by TEM along the outer region of the capsule; the rest of the capsule appears homogenous. 


LF lens fiber. (Original magnification: A, X40,000; B, X25,000.) 
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Figure 2.126. A. The anterior epithelium (AE) in a neonatal lens of a dog is cuboidal. Note the relatively thin capsule (arrow), which is bordered by the 
tunica vasculosa lentis (TVL). (Original magnification, X400.) B. Close-up of the anterior epithelium of an adult canine lens. The cytoplasm becomes less 
defined with age. Arrows indicate scattered mitochondria. (Original magnification, X3500.) 


lens epithelium is highly susceptible to many potentially dan- 
gerous conditions, including changes of [07], the presence of 
toxins, x-rays, and so on. It is also susceptible to ultraviolet 
(UY) light, both A and B, which is a major contributor to 
adverse aging of the lens and, quite possibly, to age-related 
cataracts. UVB radiation causes epithelial hyperplasia and 
anterior suture disintegration,”!’7!8 and excessive exposure to 
UV light may well lead to epithelial apoptosis, which has been 
closely associated with noncongenital cataracts, and to yel- 
lowing of the nucleus, both of which have been demonstrated 
experimentally in the murine lens.”!*?!? Nocturnal (and 
arrhythmic) animals may be less able to cope with exposure to 
bright light, and scavenger and other defense systems for 
lenses may differ between animals within a given species. 


Lens Fibers 


Immediately anterior to the lens equator is a proliferative zone 
within the epithelium (Figs. 2.124 and 2.127). The cells 
within this zone begin to mitose at approximately the same 
time the primary lens fibers are formed during early fetal 
development. This zone of mitosis continues throughout life. 
The most recently formed cells elongate, with the apical por- 
tion of the cell extending forward beneath the epithelium and 
the basal portion posteriorly along the capsule (Fig. 2.128). As 
these cells are transformed into lens fibers, small ball-and- 
socket interdigitations begin to take shape (Fig. 2.129). Con- 
comitantly, the lens fiber becomes roughly hexagonal in 
shape. The ball-and-socket junctions, which are present along 
the length of the fibers, are formed only at the six angular 
regions; in this way, any particular lens fiber is tightly coupled 
to six other lens fibers, including two older fibers, two of the 
same generation, and two younger fibers (Fig. 2.130). In addi- 
tion to these cytoplasmic interdigitations are many gap junc- 
tions (i.e., nexi).?”° In the chicken, as much as 65% of the lens 


Figure 2.127. The anterior epithelium of a neonatal canine lens near the 
equator (E) has a proliferative zone at which cells mitose (arrows) and sub- 
sequently are pushed toward the equator. (Original magnification, X400.) 


fiber cell membrane is associated with gap junctions.””! The 
nucleus of each developing lens fiber retains its central loca- 
tion, and the difference in the degree of elongation between 
younger and older developing lens fibers creates the lens bow 
configuration of nuclei within the lens at the equator 
(Figs. 2.124, 2.128, and 2.131). 
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Figure 2.128. Young horse lens near the equator. A. Lens capsule. B. Columnar lens epithelium at equator. Arrows delineate the formation of the lens bow 
by the nuclei of the newly formed fibers. Open arrow points rostrally. (Original magnification, X500.) 


Figure 2.129. Newly formed canine secondary lens fibers are evenly hexagonal in cross-section. They form small ball-and-socket junctions (arrows) along 
their six angular edges. A. SEM. B. TEM. Insert. Close-up of one of the ball-and-socket junctions. N, nucleus. (Original magnification: A, X6600; B, X8000; 


Insert, X30,000.) 


The lens fibers elongate toward the anterior and posterior 
poles, forming a U-shaped cell. The fibers do not reach the full 
distance from one pole to the next, much less the entire cir- 
cumference of the lens; rather, they meet fibers from the oppo- 
site side to form the anterior and posterior lens sutures. The 
sutures are simply the junctions from opposite fibers at a given 
level in the lens. They vary in configuration both among 
species and at different levels within the lens. 


The sutures usually form a Y-shaped pattern near the center 
of the lens, but in older eyes, they become more complex, with 
branching arms in the more superficial layers (Fig. 2.132). 
The suture patterns extend throughout the depth of the lens, 
but they are apparent in vivo only at optical interfaces. The 
sutures in the anterior half are typically in an upright Y-shaped 
pattern or one of its variations, whereas those on the posterior 
half are inverted Y-shaped patterns. Figure 2.133 illustrates 
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Figure 2.130. As the secondary lens fibers, as seen here in the dog, continue to develop, the ball-and-socket junctions become more pronounced (A) and 
the widths of the cells more flattened (B), though still retaining their hexagonal shape so that each cell remains closely engaged to two younger lens fibers 
(1, 2), two of the same generation (3, 6), and two older fibers (4, 5). (Original magnification: A, X4600; B, X3700.) 


Figure 2.131. At the equator of a dog lens, the nuclei (Nu) of the newly 
forming secondary lens fibers are arranged linearly, taking up a central 
location within each cell. As these fibers mature, their nuclei are more ros- 
trally or anteriorly placed, achieving a bowlike configuration. These cells 
possess a great deal of free ribosomes and rough endoplasmic reticulum. 
(Original magnification, X3000.) 


how inversion of the suture pattern develops and how a fiber 
attaches to opposite sites on a suture arm in its anterior and 
posterior limits.*? At the lens sutures, the fibers markedly 
interdigitate with each other (Fig. 2.134). The interdigitations 
can affect optical quality to some degree by varying the focal 
length of light in this region of the lens, especially during 
nuclear sclerosis, lens pathology, or both.?”? Overall, the com- 
bination of these well-developed regions for cell attachment, 
including the ball-and-socket junction, and the presence of the 
capsule and nexi make the lens a remarkably unified structure. 
Lens fibers that become attached to the suture have fully 
matured; these cells lie in the deep bow zone and, concomi- 
tantly, lose their nuclei and organelles.” 


Figure 2.132. Stereoscopic view of the posterior pole in an adult bovine 
lens demonstrates the distinct Y-shaped suture pattern where lens fibers 
attach to each other. Branching arms (arrows) of the Y-shaped sutures 
occur more superficially, representing the attachment of younger cells. 
(Original magnification, X40.) 


The mammalian adult lens consists of lens fibers formed 
chronologically throughout life. The oldest portion of the lens, 
which is formed during embryonic development, is in the cen- 
ter of the lens and known as the embryonic nucleus. It is a 
small, dark, lucent zone. Extending outwardly, the fetal 
nucleus, adult nucleus, and cortex are respectively encoun- 
tered. These portions are frequently subdivided clinically into 
anterior and posterior divisions to further localize lesions.” 

The surface of the lens fibers varies according to the location 
within the lens. In newly mature fibers (.e., the outer cortex), the 


—— 


Figure 2.133. Drawing of the embryonal lens (i.e., nucleus) shows the 
anterior (a) Y suture, posterior (p) Y suture, and arrangement of the lens 
cells. The lens cells are depicted as wide, shaded bands. Those that attach 
to the tips of the Y sutures at one pole of the lens (a) attach to the fork of the 
Y at the opposite pole (p). (Revised from Hogan MJ, Alvarado JA, Weddell 
JE. Histology of the Human Eye. Philadelphia: WB Saunders, 1971.) 


Figure 2.134. Close-up of a suture line in a dog lens reveals the great 
amount of cellular interdigitation (arrows) between adjacent lens fibers. 
(Original magnification, X5000.) 


ball-and-socket junctions are the dominant feature along each 
hexagonal edge (Fig. 2.130). This feature, however, is notably 
reduced in the lens fibers making up the inner cortex, lying next 
to the adult nucleus (Fig. 2.135A). The reduction in size of these 
interdigitations and the undulating appearance of the fiber 
undoubtedly result from the increasing compression that this 
region of the lens is undergoing. This change is even more 
remarkable in the region known as the lens nucleus, in which 
lens fibers have lost their ball-and-socket junctions entirely and 
instead possess tongue-and-groove junctions (Fig. 2.135B). 
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Figure 2.135. A. As lens fibers grow older, they are pushed toward the 
center of the lens (i.e., nucleus). Consequently, these fibers become more 
compressed and undulated. Note the secondary lens fibers within the inner 
cortex, as shown on this SEM. (Original magnification, X3400.) B. The lens 
fibers continue to become further compressed in the nucleus until their ball- 
and-socket junctions disappear, replaced by tongue-and-groove junctions 
that give these innermost cells a wrinkled appearance, as shown on this 
SEM. (Original magnification, X6000.) 


In birds, as in mammals, but to a greater extent, lenticular 
accommodation depends on the ability of the lens to change 
shape. The avian lens generally is softer and more flexible than 
the mammalian lens and consequently is allowed to be much 
more readily deformed during contraction of the musculature 
within the ciliary body and that of the peripheral iris.” As the 
musculatures contract, the ciliary body is thought to push against 
the midequatorial region of the lens, while the peripheral edge of 
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Figure 2.136. The avian lens is capable of marked changes in shape 
during accommodation because it can be physically pushed (broad arrows) 
into by the adjacent ciliary processes to form a more rounded form (A). By 
comparison, the lens “at rest” is stretched by zonules (small arrows) into a 
biconvex form (B). 


the iris presses against the anterior equatorial surface of the lens 
(Fig. 2.136). As an evolutionary adaptation to this activity, the 
avian lens has an annular pad, or “ringwulst,” which consists of 
lens fibers that are relatively enlarged and arranged radially 
instead of concentrically (Fig. 2.137). The size of the pad 
appears to relate directly to the degree of accommodative ability. 

Between the annular pad and the main lens body exists a 
cavum lenticuli that consist of globules tied off from the annu- 
lar pad fibers and that separate the cells of the annular pad as 
they turn their course along the outermost lens body.””” Annu- 
lar pad fibers have a hexagonal circumference and are similar 
to young developing mammalian lens fibers. The annular pad 
fibers may be smooth-surfaced, lacking any anchoring cellular 
processes (as in the chicken, song thrush, and kestrel), or they 
may be studded with edge protrusions, including ball-and- 
socket junctions.””’ At the transition between the annular pad 
and the main lens body, the cells become considerably elon- 
gated, and their nuclei appear to be oval before their disap- 
pearance. The differentiation of germinative epithelial cells 
occurs in two phases: first into annular pad fibers that are elon- 
gated horizontally to the anteroposterior axis of the lens and 
then into main lens body fibers, which continue to elongate 
further and eventually lose their organelles. 


Aging 
Following regression of the hyaloid vascular system embry- 
ologically, the lens is deprived of blood supply postnatally. 


Figure 2.137. The “ringwulst,” or annular pad (AP), of a screech owl's 
lens consists of radially arranged cells (arrows) that can withstand direct 
pressure placed on them. (Original magnification, X200.) Insert. Overview 
of the annular pad. /, iris. (Original magnification, X20.) 


Subsequently, it depends on the aqueous humor and, to a 
lesser extent, the vitreous for nourishment. Transparency of 
the lens results from its relatively dehydrated state, lamellar 
arrangement of fibers, and solubility of lens proteins. The 
smooth and uniform thickness of the lens capsule and the 
epithelial cells in the pupillary region (i.e., the visual axis) 
also contribute to lens clarity. 

The transparency of the cells and lens capsule are main- 
tained as long as they are properly nourished. The small quan- 
tity of oxygen used by the lens comes from the aqueous 
humor. Glucose from the aqueous humor passes through the 
lens capsule, and metabolism of this glucose provides the 
main source of energy for the lens, with anaerobic glycolysis 
pathways being the most important. 

The lens is approximately 60% to 75% water, and its total 
water content decreases with age. Relative dehydration and 
Na* and K* gradients are maintained by an active Na-K- 
ATPase pump, which is mostly located in the anterior epithe- 
lium. Lens proteins comprise 35% of the lens, which is a 
higher proportion than that in any other body tissue. Two 
forms have been described: soluble (i.e., crystallin) and insol- 
uble (i.e., albuminoid). The proportion of soluble to insoluble 
proteins varies with species, age, and lens size.” Solubility of 
the proteins decreases with age as well, so the proportion of 
insoluble proteins is greater in an old than in a young lens and 
is greater in the older portion of the lens (i.e., the nucleus) than 
in the younger portion (i.e., the cortex). The albuminoid pro- 
tein in the lens is largely associated with the cell membranes 
of the rigid, crenelated, and relatively dehydrated nuclear lens 


Figure 2.138. Nuclear sclerosis is a normal aging phenomenon of the 
mammalian lens. A substantial loss of lens elasticity occurs because of 
ever-increasing growth by the rigid center or nucleus of the lens, which can 
be discolored (arrows), as seen in this older dog. 


fibers. Thus, as the lens nucleus continues to expand with 
time, the volume needing to be dehydrated gradually lessens, 
which in turn reduces metabolically the demand on the aging 
anterior epithelium. Unfortunately, the lens nucleus has 
absolutely no flexibility. Consequently, as the lens becomes 
older, it also becomes less flexible or elastic. 

Nuclear sclerosis, the gradual increase in density of the 
central zone that occurs in the lens with aging, is clinically 
evident (Fig. 2.138). In the dog, it becomes evident at approx- 
imately 6 years of age and older. This same loss of lens elas- 
ticity with aging accounts for the inability to accommodate 
(i.e., presbyopia) seen in humans after 40 years of age and 
necessitating use of bifocal eyeglasses. 

In older mammalian lenses, the nucleus easily occupies the 
largest portion. Only recently, a detailed anatomic description 
of the mature nucleus has been made.” Lens fibers lose their 
flexibility as they become incorporated within the ever-grow- 
ing nucleus, but their shape and organization varies consider- 
ably according to their location within the nucleus (i.e., adult 
nucleus, juvenile nucleus, fetal nucleus, and embryonic 
nucleus) (Fig. 2.139). Overall, the fibers are progressively 
larger in diameter and less orderly arranged toward the center 
of the lens. The differences seen in the nuclear fibers most 
likely reflect the increased forces of compaction that occur 
during lenticular aging. 

Avian lenses are believed to remain soft and pliable 
throughout the lives of most birds. Though lens fibers are 
being added to the main lens body, the process appears to be 
slower than that in mammals, and it results in considerably 
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Figure 2.139. Schematic of the adult lens, showing nuclear zones. The 
thickness of the lens capsule in various zones is shown. (Revised from 
Hogan MJ, Alvarado JA, Weddell JE. Histology of the Human Eye. Philadel- 
phia: WB Saunders, 1971.) 


less compaction. In a study on age-related changes to visual 
acuity in pigeons, little evidence of presbyopia was found.”” 
Animals as old as 17 years increased only 9% in the mean 
viewing distance. Further analyses with an infrared photore- 
fractor failed to support the occurrence of presbyopia in these 
birds. 


Zonular Attachment 


The lens is freely suspended from the ciliary body by a ring of 
transparent fibers called zonules. Zonular attachment is 
achieved by a complex arrangement of fibers that insert onto the 
lens capsule in a zone encompassing the equator and a short dis- 
tance both anterior and posterior to the equator (Figs. 2.140A 
and B).3° Each zonular fiber is made of numerous small fibrils, 
which are visible under SEM as they attach to the lens capsule 
(Fig. 2.140C). The zonular fiber spreads out greatly near the 
equator and terminates into smaller bundles. Each of these bun- 
dles, which are comprised of fibrils, also fan out and form a net- 
work that ramifies over the surface of the lens capsule, 
approximately 1.5 to 2.0 mm away from the lens equator. As 
each smaller bundle of fibrils blends into the outer capsule, it is 
interwoven with an adjacent bundle, thus providing added 
strength for its insertion. 

In the dog, the fusion of the zonular fibrils and the superfi- 
cial capsule as seen by TEM is a distinct layer (Fig. 2.140D). 
The fibrils that make up each bundle have a characteristic, 12- 
nm banded appearance. Adjacent bundles of these fibrils are 
compact and round. It was once believed that the zonular fibril 
consisted of collagen and was perhaps a condensation of vitre- 
ous; it was therefore referred to as the tertiary vitreous. 
Results of more recent studies, however, have revealed that 
the fibril is composed of a noncollagenous glycoprotein that 
more closely resembles elastin.**!*** Zonular fibers are 
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Figure 2.140. Zonular attachments to the lens in a dog. A. SEM shows zonules (Z) extend from the ciliary body onto the equator of the lens (L) in a ring- 
like manner, covering each ciliary process. (Original magnification, X30.) B. SEM shows that each zonule consists of bundles (arrows) of fibrils, which are 
most apparent next to the lens (L). (Original magnification, X78.) C. SEM shows termination of zonular fibrils, which unravel to form a dense meshwork over 
the capsule that greatly increases the surface area of attachment. A, zonular fiber. (Original magnification, X1600.) D. In the young, developing individual 
(i.e., neonate), the zonular fibrils (ZF) are imperceptibly intertwined with the outer layers of the lens capsule (C). (Original magnification, X24,000.) Insert. In 
the adult lens, zonular (Z) attachment (arrows) along the outer capsule (C) is more easily seen. (Original magnification, X15,000.) 


believed to originate from the ciliary body, specifically the 
nonpigmented epithelium.” The fibrils do not penetrate the 
basement membrane entirely but intermix with the inner folds 
of the basement membrane (Fig. 2.141). 

The arrangement of the zonular bundles in the dog varies a 
great deal even within the same eye. Five variations of the sus- 
pensory apparatus occur: 


Bundles of zonules with broad lenticular attachments and 
regular, open arcades between bundles with isolated fibers 
crossing; 

Irregular fiber distribution and interconnecting fibers 
between bundles, to the point of forming nets; 

Bundles of different thickness and interconnecting fibers 
forming nets; 
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Figure 2.141. Zonular fibers in a horse at their origin from the nonpigmented ciliary epithelium. A. Bundle of zonular fibrils. B. Nonpigmented ciliary epithe- 
lium. Arrows indicate basal lamina of the epithelium. (Original magnification: X6750.) Right side image is an enlargement of the region where the zonule 


merges with the basal lamina. (Original magnification: X20,000.) 


4. Long, fibrous bundles with interconnecting nets of fibers; 
and 

5. Twisting of long, fibrous bundles with interconnecting 
fibers producing a membrane.” 


The relationship of the zonules to ciliary processes varies 
to some extent among species. In primates, the zonular fibers 
originate largely from the pars plana, within 1 mm anterior to 
the ora serrata.2>-37 As the zonules course their way anteri- 
orly, almost all have a close attachment to ciliary processes, 
adhering strongly to the valleys between the folds and along 
the sides of the processes. 

In the cat, the zonular fibers largely appear to bypass the cil- 
iary processes and insert in the valleys between (Fig. 2.142). In 
the dog, tips of the ciliary processes are free of zonular fibers, 
but the remaining process is ensheathed very intimately with 
the zonules (Figs. 2.71 and 2.143).”*8 The fibers as a group can 
be followed to the base of the ciliary process. As the fibers 
insert into the lens capsule, they can fan out over a breadth of 
300 um and as a result overlap considerably with fibers arising 
from adjacent processes. The horse (Fig. 2.72) has numerous 
fibers both ensheathing the processes and in the valleys, and 
both types continue down to the pars plana. In addition, an 
extensive network of fibers runs horizontally, joining the ridges 
of the processes. 


VITREOUS 


The vitreous humor is the largest single structure in the eye, 
occupying up to two thirds of the volume of the globe. It is a 
transparent, jellylike humor that fills the posterior cavity of 
the eye. The vitreous forms a gelatinous support for the retina 
and on its anterior surface is concave, forming the patellar 


Figure 2.142. Caudal-view SEM of ciliary processes and zonular attach- 
ments to the lens in a cat. A. Posterior lens. B. Ciliary process. C. Posterior 
zonular fibers. D. Anterior zonular fibers. Note the zonular fibers extending 
from the valleys and producing a cluster of fibers at their lenticular insertion 
with gaps between bundles. (Original magnification, X40.) 


fossa in which lies the lens. As a result, the vitreous functions 
to transmit light, to maintain the shape of the eye, and to help 
maintain the normal position of the retina. The weight and 
volume of the vitreous humor in selected domestic animals 
are listed in Table 2.18. 
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Embryologically, the vitreous is described as three 
components: 


1. The primary vitreous, 
2. The secondary vitreous, and 
3. The tertiary vitreous. 


The primary vitreous develops first and is composed mainly 
of the hyaloid artery system. The primary vitreous regresses 
with further development but is still easily demonstrable in nor- 
mal young animals. The secondary vitreous, or the definitive 
vitreous, forms around the primary vitreous and is neuroecto- 
dermal in origin. The tertiary vitreous is actually the zonular 
fibers discussed previously. When speaking of the adult vitre- 
ous, one is usually referring to the secondary vitreous. 

The vitreous encircles a central canal (i.e., the hyaloid canal 
or Cloquet’s canal), extending from the optic disc to the poste- 
rior pole of the lens. This potential space contains the hyaloid 


Figure 2.143. SEM shows that the apical portion (A) of each ciliary 
process in the dog is not intimately associated with zonular fibers (arrows). 
(Original magnification, X50.) 


artery in the embryonic eye. Remnants of this artery normally 
regress either just before or after birth in most animals; patent 
hyaloid vessels may be present in foals and calves for a few 
days to weeks following birth (Fig. 2.144). The anterior inser- 
tion of the hyaloid artery appears as a dense, white, small dot 
(i.e., Mittendorf’s dot) with a “corkscrew” tail (Fig. 2.144). 
The anterior extremity of Cloquet’s canal is seen as a circle 
(i.e., arcuate line of Vogt) on the anterior hyaloid membrane 
behind the lens. The anterior vitreous face is lined by the ante- 
rior hyaloid membrane (Figs. 2.144 and 2.145). It is not a 
membrane in the ultrastructural sense, but many authors feel it 
is a structure definitive enough to be considered a separate 
entity.” The anterior hyaloid curves forward from the 
region of the ora ciliaris retinae to blend in with the peripheral 
posterior lens capsule at the hyaloideocapsular ligament, 
which runs circumferentially. The anterior hyaloid continues 
over the posterior lens capsule within the ring formed by the 
hyaloideocapsular ligament to cover the anterior extremity of 
Cloquet’s canal. A potential space (i.e., Berger’s space) exists 
between the posterior lens capsule and the anterior hyaloid. 

The vitreous attaches firmly to peripheral structures only at 
the edge of the optic nerve, near the ora ciliaris retinae and the 
posterior lens capsule. Attachment of the vitreous in the 
region of the ora ciliaris retinae is known as the vitreous base, 
and the broad attachment to the posterior lens capsule is the 
ligamentum hyaloideocapsulare (Fig. 2.145). 

The vitreous is 99% water; collagen and hyaluronic acid 
comprise most of the remaining 1%. Collagen supplies the vit- 
reous framework, and hyaluronic acid is found in the soluble 
portion. Nearly all visible light is transmitted through the nor- 
mal vitreous. The collagen content is highest where the vitre- 
ous is a gel, and the collagen network is embedded in the 
internal limiting membrane of the retina, which produces part 
of the adult vitreous.*! Specifically, collagen types II and IX 
comprise most of the extracellular fibers of the vitreous with a 
possibility of a third type consisting of a cross of types V and 
XI. The collagen fibers interconnect with the hyaluronic 
acid by associated GAGs, consisting principally of chon- 
droitin sulfate 4 and 6 and heparan sulfate.” In addition to 
collagen and hyaluronic acid, a cartilage matrix glycoprotein 
has been found in bovine, human, and rabbit vitreous.” This 


Table 2.18 Volume and Weight of the Globe and Vitreous in Some Domestic Animals 


Globe Vitreous Ratio of Vitreous to Globe 

Animal Volume (ml) Weight (g) Volume (ml) Weight (g) Volume Weight 
Human Y 6.77 3.9 0.6 0.6 
Sheep 14 15.00 8.1 0.57 0.53 
Pig 6 T25 3.5 3.6 0.58 0.5 
Calf 18 18.5 10 11.0 0.55 0.6 
Ox 25 29.2 16 15.0 0.6 0.5 

| Rabbit 3 3.0 ‘lal 0.3 0.4 


E 


Modified from Jaffe N. The Vitreous in Clinical Ophthalmology. St Louis:, 1969. 


Figure 2.144. Anterior portion of Cloquet’s canal (CC), which joins the 
anterior hyaloid membrane (arrows) behind the lens. (Original magnifica- 
tion, X15.) 


Figure 2.145. Schematic illustrating the spaces within the eye and the 
vitreous. 1, anterior chamber; 2, posterior chamber; 3, Berger's space; 4, 
Petits canal; 5, tertiary vitreous (zonules); 6, Cloquet’s canal; 7, vitreous 
base; 8, cortical vitreous; 9, intermediate zone of vitreous with tracts; 10, 
hyaloideocapsular ligament; 11, dorsal plica; 12, ventral plica; 73, anterior 
hyaloid membrane. (Note that 3 and 4 are potential spaces only.) 


material and a number of proteins, including vitrin, opticin, 
fibulin-1, and nidogen-1, are a part of the vitreal extracellular 
matrix and are produced primarily by the inner layer of the 
posterior half of the ciliary epithelium, and appear to be in a 
continuous state of turnover.747?4° 

The peripheral portion of the vitreous next to the retina is 
referred to as the cortex. The collagen fibrils of the cortical 
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vitreous join the basement membrane of Müller and glial 
retinal cells at this location. 

No actual membrane is present, but the posterior surface of 
the vitreous is often called the posterior hyaloid membrane. 
The vitreous proper has very few cells, and most of them are 
found in the cortex near the vitreous base. The main cell type is 
the hyalocyte, which is a histiocyte with a poorly developed 
lysosomal system. Hyalocytes can produce hyaluronic acid 
in vitro and have been thought to contribute to formation of 
the vitreous humor along with the nonpigmented epithelium 
of the ciliary body and the nonneuronal cells of the retina.”*° In 
the rabbit, however, involvement of this cell type in hyaluronic 
acid production has been brought into question.” Hyalocytes 
were found to disappear by the end of the third week after 
birth, even though hyaluronic acid increased substantially dur- 
ing that period of time. The possibility that these cells are 
related to remodeling events in the vitreous is most plausible. 
In addition to the hyalocyte, fibrocytes and glial cells comprise 
roughly one tenth of the total population of vitreal cells, lying 
mostly next to the ciliary body and the optic nerve head.” 

The remainder of the vitreous humor is its central portion, 
which has been referred to as the retrolental and intermediate 
zones.** The central vitreous consists of layers of tracts, which 
in fact are layers of funnel-shaped sheets or plicae fitted one 
into another (Fig. 2.145). The most central tract is the hyaloid 
(i.e., retrolental) tract, which inserts near the hyaloideocapsu- 
lar ligament. Between the cortex and central vitreous exists a 
border layer comprised of many compacted lamella, with each 
lamellae consisting of a meshwork of collagen fibrils.” 

The entire vitreous is quite variable in its consistency 
because of the different proportions of gel to liquid vitreous 
that occur among species and at different ages. In the bovine, 
pig, and sheep, the entire vitreous is nearly homogenous in 
structure and of high density, much like human cortical vitre- 
ous. The cat and dog vitreous densities are reversed from that 
of primates: their cortex is fluid and the center is dense. Like 
ruminants, the pig and the horse do not show a separation into 
cortical and central zones, but the vitreous is of low optical 
density. The rabbit vitreous is of such low optical density that 
it could hardly be examined.*°** The consistency of the vit- 
reous humor is also influenced by aging. In most species, 
holes and liquefaction (i.e., syneresis) occur in older individu- 
als, particularly in the central region or the intermediate zone. 


RETINA 


The retina and optic nerve are derivatives of the forebrain; 
consequently, their morphology and physiology are similar to 
that of the brain. The sensory retina is connected to the brain 
by the optic nerve and the optic tracts. Photoreceptor cells of 
the retina comprise a complex layer of specialized cells, the 
rods and cones, which contain photopigments that change on 
exposure to light and produce chemical energy. This energy is 
then converted to electrical energy, which is ultimately trans- 
mitted to the visual cortex of the brain. The RPE furnishes 
important metabolites to photoreceptors; it also actively 
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phagocytizes the outermost photoreceptor segments as they 
are shed during normal outer-segment renewal. The retina 
receives almost all its nutrition from the retinal and choroidal 
capillaries, but a small amount probably derives from the vit- 
reous. The retina has one of the highest rates of metabolism of 
any tissue in the body. If either source of nutrition is inter- 
rupted, ischemia will occur, which may lead to complete loss 
of retinal function. The eye requires a continuous supply of 
vitamin A (i.e., retinol), which is localized in the retina. The 
effects of vitamin A deficiency include retinal degeneration.”°° 

The function of the retina as a direct extension of the brain 
is to receive light stimuli from the external environment and 
transmit this information accurately to the brain, where it is 
then interpreted to become vision. Once photoreceptors are 
stimulated by light, they transmit a nervous impulse that is 
received and modified in various ways by cells whose nuclei 
are in the inner nuclear layer (i.e., amacrine cells, bipolar 
cells, horizontal cells) (Fig. 2.146). The modified message is 
then transferred to ganglion cells, whose axons form the nerve 
fiber layer and extend through the optic nerve to the brain (1.e., 
lateral geniculate and cortex). Vision actually takes place in 
the visual cortex. Many ocular syndromes are associated with 
loss of function of one or more of these visual pathways, and it 
is important to understand the anatomic, physiologic, and 
embryologic relationships of the visual pathways before 
studying the disorders of this system. 

Classically, 10 “layers” are described in retinal histology. 
The inner sensory retina contains nine, and the supportive pig- 
mented epithelium is the tenth layer (Fig. 2.147). The optic 
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Figure 2.146. Microcircuitry of the retina with potential changes on spot 
illumination. The amacrine cell (AC) has a reciprocal inhibitory response 
onto the bipolar cell (RB) from which the information originated and acts to 
adjust the sensitivity of the ganglion cell (GC) synapse after receiving a sig- 
nal. C, cone; D, depolarize; H, hyperpolarize; P pedicle; R, rod; S, spherule. 
(Redrawn from Records RE, Zahn JR, Charles S, et al. Electrical signals of 
the retinal microcircuitry and the visual cortex. In: Duane TD, Jaeger EA, 
eds. Biomedical Foundations of Ophthalmology. Philadelphia: JB Lippincott, 
1988.) 


Figure 2.147. The sensory retina consists of nine discrete layers and a supportive pigmented epithelium that forms an outer, tenth layer, as demonstrated 
by SEM in the dog (A) and plastic section in the pig (B). The canine retina is rod dominant, being sparsely populated with cones (arrows). The porcine retina, 
by comparison, has a large population of cones and a much smaller rod-to-cone ratio than in the dog. Note the species differences in size or thickness of the 
outer and inner nuclear layers. A, amacrine cell nuclei; B, bipolar cell nuclei; C, cone nuclei; G, ganglion cell nuclei; H, horizontal cell nuclei; M, Müller cell 
nuclei; 1, retinal pigment epithelium; 2, layer of rods’ and cones’ outer (OS) and inner segments (/S); 3, outer limiting membrane; 4, outer nuclear layer; 5, 
outer plexiform layer; 6, inner nuclear layer; 7, inner plexiform layer; 8, ganglion cell layer; 9, nerve fiber layer; 70, inner limiting membrane. (Original magnifi- 


cation: Both, X250.) 


retina extends from the optic disc to the ora ciliaris retinae, in 
which it is reduced to the two epithelial cell layers of the cil- 
jary body. 

The ten identifiable layers are usually considered from out- 
side inward in the following order: 


Retinal pigment epithelium (RPE), 
Visual cell layer (rod and cone layer), 
Outer limiting membrane, 

Outer nuclear layer, 

Outer plexiform layer, 

Inner nuclear layer, 

Inner plexiform layer, 

Ganglion cell layer, 

Nerve fiber layer, and 

Inner limiting membrane. 
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Retinal Pigment Epithelium 


The RPE is a layer of flat, polygonal cells that forms the outer- 
most layer of the retina. It is the continuation of the outer pig- 
mented epithelial layer of the ciliary body. The RPE is more 
adherent to the choroid than to the rest of the retinal tissue. 
This layer, which derives from the outer layer of the optic cup, 
is important in nutrient transport from the choriocapillaris to 
the outer layers of the retina. There are numerous infoldings 
of the cellular membrane at the base of each cell, and these are 
indicative of the extensive, ongoing transport between the 
RPE and the subjacent choriocapillaris. Each cell sends cyto- 
plasmic processes inward to surround the visual receptors, to 
insulate them from bright light, and to increase their individ- 
ual sensitivity. They also phagocytize the outer segments of 
photoreceptors as they are continuously shed. 

The cells are usually densely pigmented, but they are 
devoid of pigment overlying the dorsal choroid that contains 
the tapetum lucidum. The absence of melanin permits light to 
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pass through the RPE to the tapetum and then reflect back to 
the light-sensitive receptors. 

On flat preparations, the RPE of most species forms a 
mosaic of hexagonal cells, which is most uniform in the poste- 
rior pole and in young animals (Fig. 2.148A). In most species, 
except the rat and rabbit, these cells are generally mononucle- 
ate. In general, the cells are larger and have more binucleate 
forms near the ora ciliaris retinae. Table 2.19 lists posterior- 
pole RPE size and binucleate frequency in various species 
with flat RPE preparations.” 

The nucleus is centrally positioned and round to oval, with 
its long axis parallel to the retinal surface. The cytoplasm is 
predominantly filled with smooth endoplasmic reticulum 
(Fig. 2.148B). Mitochondria are numerous, being concen- 
trated in the basal two thirds of the cell. In cells that do not 
overlie the tapetum lucidum, melanin granules are present, 
being either elongated or lanceolate and located in the apical 
to midportion of the cytoplasm. These granules are often seen 
in the long villous cytoplasmic processes, especially among 
avian species (Fig. 2.148C). In the tapetal region of the retina, 
the absence of melanin granules is quite conspicuous (Fig. 
2.148D). On the other hand, other bodies, including residual 
bodies of lipofuscin and lamellated bodies, or phagosomes 
consisting of phagocytosed photoreceptor outer-segment 
discs are easily found.!?3258-262 Lysosomes also appear to 
increase in number in this region of the RPE.” The apparent 
increase of lysosomes may indicate enhanced shedding of the 
outer segment material over the tapetum; however, results of 
recent studies on melanogenesis suggest that the lysosomal 
system is closely associated with that of the melanosome and 
that the additional lysosomes may be a part of an underdevel- 
oped or partially suppressed melanosomal system.?°-765 

The morphology and location of RPE melanosomes varies 
to some degree among different animals. The shape of 
melanosomes are typically oval, but they can be more elliptical 
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Figure 2.148. RPE. A. Surface-view SEM of the RPE in a dog with a partially detached retina reveals the hexagonal shape of these cells, which apically 
possess numerous cylindrical, villous cytoplasmic processes (arrows). (Original magnification, X3000.) (Courtesy of L Earle.) B. Pigment epithelium in a pig 
consists of an extensive smooth endoplasmic reticulum (SER), melanin granules (MG), and residual bodies (RB), which are apically located, and mitochon- 
dria (M), which are more basally positioned. Arrow indicates the junctional complex (see Fig. 2.149 for a close-up). Nu, nucleus; OS, outer segments. (Origi- 
nal magnification, X6000.) C. The avian villous cytoplasmic processes, as seen here in the chicken, contain long, narrow melanin granules (MG). These 
processes fasten the sensory retina, via the outer segments (OS), to the RPE, and they shield the outer segments from extraneous light. (Original magnifi- 
cation, X12,000.). D. In the nontapetal RPE of the cat, there is a complete absence of melanin granules. The residual bodies (RB) and mitochondria (M) are 
evenly distributed throughout the cytoplasm. V, villous process. (Original magnification, X10,000.) 


Table 2.19 Retinal Pigment Epithelial Cell Size and Binucleate Frequency at the Posterior Pole 

Species Mean Cell Diameter (um) Mean Cell Height (um) Frequency of Binucleate Cells % 
Human 14 10 3 

Monkey 12 10 3 

Rat 19 6 70 

Rabbit 22 6 85 

Dog 15 5 3 

Sheep ali 8 1 

Cow 13 5 1 

Chicken uz 6 <1 


Modified from Tso MOM, Friedman E. The retinal pigment epithelium. |. Comparative histology. Arch Ophthalmol 1967;78:641-649. 


in diurnal species, especially birds and various reptiles, and to 
a lesser extent in primates (i.e., the monkey) and the squir- 
rel.” The elliptical to nearly lanceolated melanosomes are fre- 
quently positioned within the microvilli, offering substantial 
shields against scattered light. Melanosomes within the RPE of 
arrhythmic and nocturnal species, such as the rat, hamster, 
mouse, bat, and so on, tend to be rounder, fewer in number, and 
less frequently located within the microvilli. 

The inner apical surface of the RPE has numerous long 
villous processes that lie between and surround the outermost 
and oldest portion of the photoreceptor outer segments (Fig. 
2.148). No cell membrane attachments exist between the 
RPE and the photoreceptors, but a viscous ground substance 
of GAGs surrounds the other segments of the photorecep- 
tors.!%267 On SEM examination, the apical villi are quite 


numerous, being clustered next to outer segments that have 
fractured and adhered to the RPE in preparation, such as that 
shown in Figure 2.149. The villous processes become unusu- 
ally long near the site of retinal detachments and, as a result, 
contrast sharply with the apices of the RPE cells, which have 
lost their attachment with the outer segments. Detached RPE 
cells possess fewer apical processes, which are notably short 
(Fig. 2.148A). Microvilli are especially large and long in the 
RPE of many nonmammalian animals.?° It is not unusual 
to have the tips of these processes extend to the level of 
the inner segments and even to make direct contact with 
the microvilli of the Miiller cells. The lateral RPE cell sur- 
faces near the apical end have a well-defined junctional com- 
plex, including zonular occludens and a zonular adherens 
(Fig. 2.150). 


Figure 2.149. SEM shows cryofractured RPE and the underlying chorio- 
capillaris (CC) of a sheep. Arrows indicate outer segments that remain fas- 
tened to apical villi. Note the strands of collagen (Co) and elastic fiber (E) 
that make up much of Bruch’s membrane. (Original magnification, X6000.) 


Figure 2.150. The junctional complex in the RPE of the pig consists of a 
zonular occludens (ZO) and a zonular adherens (ZA). (Original magnifica- 
tion, X10,000.) 


The basal aspect of the RPE rests on a basement membrane 
over the choriocapillaris and its basement membrane and inter- 
capillary regions. Marked basal infoldings of the cell membrane 
contrast sharply with the basement membrane, which is rela- 
tively smooth (Fig. 2.151). The size and organization of the 
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Figure 2.151. TEM shows the basal complex (i.e., Bruch’s membrane) in 
capillary zone over the nontapetal region of a dog. Note the RPE with 
melanin (M) granules and basal infoldings (B/) of the RPE. The basal com- 
plex consists of 7, basal lamina of RPE; 2, inner collagenous zone; 3, elastic 
layer; 4, outer collagenous zone; 5, basal lamina of choriocapillaris. F fenes- 
trations in choriocapillary endothelium; FI, fibroblast in anterior choroid; 
RBC, erythrocyte in choriocapillaris. (Original magnification, X43,600.) 


basal infoldings vary to some degree among mammals,°!*6.268 


In birds, the basal infoldings are especially developed and 
tightly packed as opposed to those in mammals, which tend to 
be smaller and irregularly positioned (Fig. 2.152),7°°?” 

The basement membranes of the RPE and adjacent chorio- 
capillaris collectively form a complex called Bruch’s mem- 
brane. When fully developed, Bruch’s membrane consists of 
five layers: 


1. The basement membrane of the pigment epithelium of the 
retina, 

An inner collagenous zone, 

Elastic layer, 

Outer collagenous zone, and 

The basement membrane of the choriocapillaris. 
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In most species, the outer collagenous zone is thinner than 
the inner collagenous zone (Fig. 2.153). In animals with a cel- 
lular tapetum, the basement membrane of the pigment epithe- 
lium and the basement membrane of the choriocapillaris 
occasionally fuse, thus reducing the pentalaminated structure 
to a single layer. More often, however, the basement mem- 
brane of both epithelia remain, with a shared collagenous zone 
of variable thickness. 


Neurosensory Retina (Neuroretina) 


The sensory layer varies in thickness, being thickest near the 
optic disc and tapering to the ora ciliaris retinae. The width of 
each layer decreases, but the nerve fiber layer contributes the 
most to the variation in thickness. Most domestic animals have a 
central retina of approximately 200 to 240 um and a peripheral 


116 e SECTION I|: Basic Vision Sciences 


Figure 2.152. Avian (i.e., Great Egret) RPE. A. Apically, the long, slender cytoplasmic processes are filled with melanosomes, whereas basally, closely 
packed basal infoldings (B) lie next to Bruch’s membrane (Bm). (Original magnification, X5000.) B. Tightly packed basal infoldings (B/) occur in close prox- 
imity to many mitochondria (m). (Original magnification, X18,000) (Courtesy of S Loerzel.) 


Figure 2.153. Close-up of Bruch’s membrane in the pig shows the five 
components: basement membrane of the RPE (BM 1); the inner collage- 
nous zone (/CZ); elastic layer (EL); outer collagenous zone (OCZ), which 
varies to some extent in thickness, usually being quite narrow; and the 
basement membrane of the choriocapillaris (BM 2). Arrows indicate fen- 
estrations within the choriocapillary endothelium. (Original magnification, 
X65,000.) 


retina of 100 to 190 um.*?7!”? In animals with poorly vascular- 
ized or avascular retinas, retinal thickness rarely exceeds 140 
um, which turns out to be the proposed oxygen diffusion maxi- 
mum for retinal tissue (Table 2.19). Thickness of the avas- 
cular retina of the marsupial bush-tailed possum (Trichosurus 
vulpecula), however, substantially exceeds the proposed maxi- 
mal thickness by 20 um or more, falling within the range for 
some vascular retinae.” By comparison, the thickness of the 
equine retina, which varies from 80 um at the ora ciliaris retinae 


to 250 5m medial to the optic nerve, is for the most part less than 
130 um.” 

When averaged intralaminar retinal thicknesses are com- 
pared between species with vascular and avascular retinae, 
those with vascular retinae have all layers, except the outer 
nuclear layer, being roughly 25% to 100% thicker than those 
with avascular retinae (Table 2.20). The thickness of the outer 
nuclear layer appears to be influenced more by the dominance 
of the type of photoreceptor than by vascularity (Table 2.20). 
The layer perhaps most influenced by the presence of absence 
of vascularity is the inner plexiform layer, being 50% thinner 
in avascular retinae (Table 2.20).°”° 

The retinal photoreceptors are the primary visual cells of — 
the eye (Fig. 2.146). The two types are the rods, which func- 
tion in dim or reduced illumination, and the cones, which 
function in bright light. The cones provide sharp visual acuity 
and color sensitivity. The rods provide for detection of shapes 
and motion. The cone population is most dense in the central 
retina of most animals (Table 2.21). Primates and many avian 
and reptilian species possess cone-rich regions completely 
free of rods. These regions are called foveas (i.e., fovea cen- 
tralis) and are responsible for the perception of different hues 
of color, high resolution, and binocular fixation (and depth 
perception). None of the domestic animals has a fovea, but an 
area of high cone density frequently occurs and is often called 
the area centralis. This area lies 3- to 4-mm dorsolateral to the 
optic disc in the dog and cat.*?’!77 In mammals, the area cen- 
tralis is, for the most part, more oval than round and extends 
along the horizontal plane.” The term visual streak is 
sometimes used synonymously for the area centralis. The 
visual streak is the region of the retina with greatest concen- 
tration of ganglion cells, the innermost layer of retinal neu- 
rons. Often, the two regions are nearly identical, or even 


Table 2.20 Selected Examples of Retinal Thickness 


Retinal Location (um) 
Animal Central Peripheral Reference 
Rat 
GCL/NFL 392 249, 275 
IPL 60 +1 
ONL 35+ 8 
T 212 177 
Guinea Pig 
GCL/NFL ae} 34] 275 
IPL 27 +2 
ONL Pili 
m 136 108 
Cat 
aap 228, 249 186, 195 275, 405, 432 
Dog 
TT 433 
Quail 
GCL/NFL 35 +4 275 
IPL 49+4 
ONL 48 +4 
o 219 154 
Possum 
GCL/NFL 2553 275 
IPL 30 +2 
ONL 41 +2 
TT 158 133 
Human 
lal 230 120 32 | 


GLC, ganglion cell layer; IPL, inner plexiform layer; NFL nerve fiber 
layer; ONL, outer nuclear layer; TT, total thickness. 
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topographically identical. Instances do occur, however, in 
which peak ganglion-cell densities do not topographically 
match peak cone density.” Instead, a specific subpopulation 
of ganglion cells might be associated with the area cen- 
tralis.281282 

Measurements of cone cell densities have been determined 
in a variety of species, including the dog and cat.”**?*4 In the 
cat, the cones in the area centralis are approximately six to 
seven times more numerous than in the periphery 
(26,000-27,000 cells/mm? versus 4,000 cells/mm?). By com- 
parison, the rods of the cat are similar in density when com- 
paring the peripheral retina (250,000 cells/mm?) to the area 
centralis (275,000 cells/mm); however, the density of the 
rods nearly doubles (460,000 cells/mm?) along a zone sur- 
rounding the area centralis.>* In the pig, cone density of the 
central retina is slightly greater than in that of the cat, being 
nearly 39,000 cells/mm?.2®58° Likewise, the cone population 
in the peripheral retina of the pig is greater than in the cat, 
being 6,700 cells/mm?. Overall, in the pig, the cones in the 
area centralis are approximately four times more numerous 
than those located peripherally, and the rod—cone ratios range 
from 3:1 centrally to 16:1 peripherally. 

In the young rabbit, cone density within the visual streak is 
approximately 18,000 cells/mm?, falling off dorsally to 7000 
cells/mm? and ventrally to between 10,000 and 12,000 
cells/mm?.”*’ Rod density is greatest just dorsally to the visual 
streak, being 300,000 cells/mm?. 

The distribution curves of rods and cones of many nonpri- 
mates are essentially the same as those in primates, with the 
main difference being quantitative.7*+?** In general, animals 
with foveas and well-developed areas centralis or visual 
streaks, including fish, reptiles, birds, squirrels, ungulates, 
carnivores, and primates, are essentially diurnal or arrhyth- 
mic.” True nocturnal species possess rod-dominant retinas 


Table 2.21 Photoreceptor Densities and Ratios of Selected Vertebrates 
Rod Peak Density Cone Peak Density Rod-Cone Ratios 
Animal (cells per mm?) (cells per mm?) of Central Retina References 
Toad 21,000 25,000 1:1.2 441 
Rabbit 300,000 18,000 >15:1 442 
Snake® None 20,000 N/A 301 
Cat 460,000? 27,000 >10:1 284 
Monkey 184,000° 141,000% 15-30:1° 443 
Human 150,000' 199,000% — 444 
Tree Shrew 3,5009 36,000" 1:>10 445 
Pig 162,000° 26,000 >5:1 286 


“The garter snake possesses pure-cone retina. 
Region surroundingvea the area centralis. 


°4- to 5-mm dorsal to the fovea. 
dAt the fovea. 

°3- to 15-mm eccentricity. 

‘At the elliptical ring. 

SAt the inferior retina. 


"At the inferior retina but not at the same location as the peak cone density. 
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lacking cone-rich centers. Predaceous birds can have two 
foveas, a principal central fovea and a shallower temporal 
fovea, except in eagles, in which the temporal is deepest. The 
central foveas provide enhanced lateral viewing for these ani- 
mals, whereas the temporal foveas provide straight-ahead pro- 
jection, enhancing their binocular field (Fig. 2.154).?°° 


Figure 2.154. The foveal arrangement in the swallow, which possesses 
two fovea within each eye: one located temporally (7) for binocular vision 
and one located centrally (C) for panoramic vision. (Redrawn from Duke- 
Elder S. System of Ophthalmology. Vol |. The Eye in Evolution. London: 
Henry Kimpton, 1958.) 


Sil 


Visual Cell Layer (Rod and Cone Layer) 


The visual cell layer actually contains only the outer parts of 
the photoreceptors known as the inner and outer segments, 
with their nuclei being in the outer nuclear layer. These seg- 
ments, which are cylindrically to conically shaped, are closely 
packed together, side by side, and they are arranged radially, 
being parallel to incoming light through the pupil (Fig. 2.155). 
The segments react to the stimulation of light and initiate the 
mechanism of vision as well as the reflexes associated with it. 

The rod outer segments are slender and are more sensitive 
than cones are to light. Rods function more effectively in low 
illumination (i.e., scotopic vision) and are inactivated by con- 
stant bright light; thus, they are well suited for night vision. On 
the other hand, they have less resolving power and produce a 
considerably lower visual acuity (i.e., sharpness). Cones are 
useful for vision during daylight (1.e., photopic vision) and can 
rapidly adapt to repeated stimuli, but they are less sensitive to 
light and therefore do not respond to low light levels. 

The outer segments of the rods and cones are composed of 
stacks of membranous discs surrounded by the cell membrane. 
The rods form stacks of uniform width through their length and 
are longer than the cone outer segments (Figs. 2.155 and 
2.156). The cone outer segments also consist of stacks of discs, 
but these segments are wider at their inner end, producing a 
cone shape (Fig. 2.157). In the area centralis, the cones are 
longer and more slender; nevertheless, they are easily distin- 
guished from the rods (Fig. 2.155). The discs are actually flat- 
tened spheres. They consist of two membranes that are 
continuous at their ends and, in rods, are separate from the cell 
membrane as well as the adjacent discs.*?° 


Figure 2.155. A. The visual cell layer of the pig contains many cones (C) among the rods (A) within the area centralis, making this animal well suited for 
day vision. (Original magnification, X400.) B. SEM shows the visual cell layer of the canine central retina contains mostly rods, with only scattered cones. 
Note that the rods are uniform in width throughout their length. (Original magnification, X2500.) 


Figure 2.156. Tip of the outer segment discs in a rod of a young dog. 
Note that the discs or lamellae are separated from each other as well from 
as the plasma membrane (PM). The intralamellar space is slightly dilated at 
their periphery (arrow). Apical villi (AV) of pigmented epithelium are found 
between outer segments. (Original magnification, X54,000.) 


Figure 2.157. Inner portion of the outer segment (OS) and adjacent 
inner segment of a porcine cone. E, ellipsoid; M, mitochondria; RIS, rod 
inner segment; V, vitreal portion. (Original magnification, X10,000.) 
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In some mammalian cones, the proximal discs have conti- 
nuity with the cell membrane, but it is uncertain how accurate 
this generality is among mammals.” Nevertheless, this 
invagination of the cell membrane, which forms the disc 
lamellae, constitutes the major morphologic difference 
between rods and cones.””! 

Within each mammalian cone outer segment, the discs con- 
tain one of three photopigments, which are sensitive to one of 
three different wavelength ranges. Birds, by comparison, pos- 
sess four or even five classes of cone photopigments.””” Four 
photopigments can detect essentially the same range of spec- 
tral bands that primate photopigments can sense (i.e., the col- 
ors red through violet). In addition, a fifth pigment has also 
been found, having its peak sensitivity in the near-UV portion 
(approximately 370 nm) of the light spectrum.” 

The rod and cone outer segments are connected to the inner 
segments by a cilium, the basal body of which is in the distal 
inner segment (Fig. 2.158A). The cilium extends for a variable 
distance into the outer segment. 

The outer portion of the inner segment is filled with long, 
tubular mitochondria and is termed the ellipsoid (Figs. 2.157 
and 2.158B). Distally within the ellipsoid and to one side 
is the basal body, or one of a pair of centrioles, that gives rise 
to the connecting cilium. Rootlets with striations extend 
toward the vitreous body in the inner segment from the basal 
body. The cone ellipsoid is more broad and conical, and it 
contains more mitochondria than the rod ellipsoid. The outer 
rim forms a collar or calyx over the proximal portion of the 
outer segment.??- 104.290 

In the avian cone ellipsoid, a large oil droplet separates the 
numerous mitochondria from the connecting cilium (Fig. 
2.159A). The appearance of this droplet may vary according 
to the species and type of cone.™®”*?5 The function of the oil 
droplet has undergone considerable speculation, and since the 
nineteenth century, it has been thought to serve as a light filter, 
allowing only specific wavelengths to be transmitted to the 
outer segment.?”°°7 In diurnal birds, they are colored red, 
orange, yellow, yellowish-green, or green, whereas in crepus- 
cular or nocturnal birds, they are pale yellow or color- 
less.”?82 Because the entire visible spectrum cannot be 
absorbed by the different colored droplets, however, espe- 
cially in the red spectrum, it has been proposed that the oil 
droplets enhance contrast and increase the number of object 
colors that can be discriminated, which in turn increases reso- 
lution and visual acuity.!3° The occurrence of oil droplets 
within the cone inner segments is widespread throughout ver- 
tebrates, including amphibians, reptiles, and nonplacental 
mammals.’ In the snake (American garter), individual large 
oil droplets do not exist; instead, microdroplets are formed 
that lie next to mitochondrial cristae within the ellipsoid.*”! 
These microdroplets may be an adaptation for a small eye and 
act collectively as a single oil droplet. 

The vitreal or inner portion of the inner segment is called 
the myoid in lower vertebrates because of the presence of 
myofilaments and contractile properties.*7!%°° Although 
there is an absence of contractile structures in higher animals, 
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Figure 2.158. A. The outer portion of a rod inner segment (/S) of a dog contains a basal body (BB) that gives rise to the connecting cilium (arrows). Note 
the oblique plane of an adjacent inner segment reveals the peripheral placement (open arrow) of these basal bodies and confluent cilia. M, mitochondria; OS, 
outer segment. (Original magnification, X18,000.) B. The ellipsoids of rods (R) and cones (C) in the central retina of a sheep. The cone ellipsoids possess 
more mitochondria (M) than that of rods and are narrower than the cone ellipsoids of the pig, as shown in Figure 2.156. (Original magnification, X11,000.) 


the term myoid is often used for this portion of the inner seg- 
ment. The vitreal inner segment contains few mitochondria in 
rods and is relatively void of mitochondria in cones. The cyto- 
plasm mostly consists of smooth and rough endoplasmic retic- 
ulum, free ribosomes, Golgi apparatus, small vesicles, and 
microtubules, and it is the principal site of protein synthesis. 
In the pig, the vitreal portion of cones also may contain a 
fairly prominent vesicle (Fig. 2.157). In the avian myoid, there 
is an area filled with glycogen, called the hyperboloid, that is 
best recognized light microscopically through use of histo- 
chemical localization (Fig. 2.159). 

Rod and cone inner segments are separated from each other 
by long, villous extensions of Müller cells, which are called 
fiber baskets. These fiber baskets are virtually identical mor- 
phologically among the vertebrate species, but they are less 
numerous in retinas with intraretinal vasculatures (Fig. 
2.160).°” It has been hypothesized that these cell processes 
may serve to keep the extracellular portion of the visual cell 
layer dehydrated and thus help to maintain proper alignment 
of the outer segments.*°? These processes also most likely are 
involved in the exchange of metabolites with the RPE and 
help to provide a homeostatic environment for the outer seg- 
ments. 

In addition to the rod and cone photoreceptors is a third 
class known as the double-cone photoreceptor, which is found 
in all vertebrate groups except placental mammals. The 
double cone consists of two closely associated, but separated, 
cone photoreceptors that differ in size, shape, and structure 
(Fig. 2.161). The significance of the double cone has yet to be 
determined, but it is the dominant photoreceptor in diurnal 
animals, occupying up to 82% of the retina at the inner seg- 
ment level.!205 The chief cone of the double cone is the longer 


oF 


Figure 2.159. Inner (/S) and outer (OS) segments of the photoreceptors 
in an owl. Arrows indicate oil droplets between the ellipsoid and adjacent 
outer segments in the somewhat sparsely populated cones. ONL, outer 
nuclear layer. (Original magnification, X3500.) Insert. Histochemical local- 
ization of glycogen (arrows) within the avian myoid. (Original magnification, 
X400.) 


of the two, and it possesses an oil droplet. The accessory cone, 
on the other hand, lacks an oil droplet, having instead a con- 
spicuous paraboloid (i.e., barrel-shaped body of glycogen). 
The presence of oil droplets in the accessory cone has been 
debated.?8?306 
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Figure 2.160. Long, villous extensions of Müller cells, known as fiber baskets (FB), occur ubiquitously in the vertebrate eye, as shown here in the dog (A) 
and the chicken (B). OLM, outer limiting membrane. (Original magnification: A, X35,000; B, X31,000.) 


Figure 2.161. An avian double-cone photoreceptor. Nu, nucleus; OD, oil 
droplet; P, paraboloid. (Modified from Duke-Elder S. System of Ophthalmol- 
ogy. Vol I. The Eye in Evolution. London: Henry Kimpton, 1958.) 


Outer Limiting Membrane 


The inner segments of the visual cell layer are separated from 
nuclei of the photoreceptors by an extremely thin limiting 
membrane (Fig. 2.147). This membrane is actually composed 
of the densities of the cell junction, the zonular adherens, that 
firmly attach the inner segments of rods and cones to Müller 
cells and the Miiller cells to each other (Fig. 2.160). The func- 
tion of the external limiting membrane is to some degree specu- 
lative. In addition to holding the outer retina together, the 
external limiting membrane, because the rods and cones largely 
do not contact each other directly, most likely forms a barrier 
between the visual cell layer extracellular spaces and the rest of 
the sensory retina. Viewing the outer or external limiting mem- 
brane with light microscopy is enhanced by a partial constric- 
tion of each photoreceptor at the vitreal end of the myoid. These 
constrictions may help to maintain the location of the photore- 
ceptor nuclei away from the highly metabolic inner segments, 
thus reducing the potential for oxidative injury. 


Outer Nuclear Layer 


This layer contains the soma or cell bodies of the photorecep- 
tors. The number of rows of nuclei varies greatly according to 
species and location in the retina. In the central retina, the dog 
and cat possess the greatest depth of rows (12-15 and 19-20, 
respectively), whereas ungulates have fewer rows (5 in the 
horse and pig, 10 in the cow) (Table 2.22). The outer nuclear 
layer gradually thins in the peripheral retina as the density of 
rods and cones decreases. Cone nuclei are universally situated 
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Table 2.22 Rows of Nuclei in the Outer Nuclear Layer of Different 
Vertebrates 


| Peripheral Retina 
Animal Central Retina Dorsal Ventral 
Mouse 12-16 10-122 8-108 
Squirrel 2-3 28 2-3? 
Ferret 3-4 32 oY 
Ranch mink 8-10 6-8? 6-7° 
Dog 10-15 8-9? 8—10? 
Cat 12-18 8-10? 8-10? 
Pig 5-6 3—4? 3—4? 
Cow 8-10 3-4° 3-4° 
Horse 4-6 3-4° 3° 
Great-horned owl 3-4 pe 2b 
Cormorant 3 ab 2b 


aVieasurements taken 0.5 mm from ora ciliaris retinae. 
®Measurements taken 1.0 mm from ora ciliaris retinae. 
‘Measurements taken 2.0 mm from ora ciliaris retinae. 


next to the external limiting membrane. In mammals, they are 
usually larger, oval, and more euchromatic (i.e., staining 
lighter) than the rod nuclei (Figs. 2.147 and 2.162). Rod 
nuclei are smaller, round to oval, darker, and more heterochro- 
matic. 

Additional structures in this layer are outer rod and cone 
connecting fibers, rod and cone axons, and Müller cell 
processes. The rod and cone connecting fibers are continua- 
tions of the inner segments to their origin from their respective 
nuclei. The axons of the rod and cone nuclei extend into the 
outer plexiform layer to synapse with horizontal and bipolar 
cells. 


Outer Plexiform Layer 


The outer plexiform layer consists of the terminal arboriza- 
tions of rod and cone cell axons that synapse with the den- 
drites of horizontal and bipolar cells (Figs. 2.146 and 2.147). 
The rod axons typically end in pear-shaped spherule struc- 
tures, whereas those of the cones end in larger, broader pedi- 
cles (Fig. 2.146). The rod spherule has one or more 
invaginations at which ribbon synapses occur, whereas the 
cone pedicle has numerous, more shallow invaginations of 
ribbon synapses (Fig. 2.163). The cone pedicles usually 
extend further vitreally into the outer plexiform 
layer,3258:290;307 

In the invagination of the synaptic expansion are two 
deeply inserted, horizontal cell processes (i.e., telodendrites) 
laterally and one or more bipolar cell processes centrally 
(Figs. 2.146 and 2.163). The synaptic contacts in the invagina- 
tion are ribbon synapses. Within the presynaptic spherule at 
the site of synaptic contacts is a dense lamellar structure, the 
synaptic ribbon, which is oriented perpendicularly and close 


Figure 2.162. Within the outer nuclear layer of a sheep, cone nuclei 
(CNu) form a single layer next to the outer (i.e., external) limiting membrane 
(OLM). The rod nuclei (RNu) are typically smaller and more heterochro- 
matic. (Original magnification, X6500.) 


to the cytoplasmic invaginations (Figs. 2.163 and 2.164). A 
rim of clear synaptic vesicles envelops the synaptic ribbon, 
and increased membrane densities on both presynaptic and 
postsynaptic processes are usually present (Figs. 2.163 and 
2.164),°?5°:30° The synaptic endings of rods that lie immedi- 
ately adjacent to the outer plexiform layer occur within the 
soma, because these cells lack spherule-shaped axons (Figs. 
2.163A and 2.164). A specific horizontal cell will contact a 
spherule only once, but each spherule may be contacted by 
several horizontal cells as well as by the dendritic processes 
from one to four bipolar cells. 

A second type of synapse in this layer is flat and only dis- 
tinguished by membrane densification. This process occurs 
between flat bipolar dendrites and receptor axons (i.e., cone 
pedicles). Horizontal cell processes may have conventional 
synaptic contacts between bipolar cell processes, and they can 
have both postsynaptic sites and presynaptic sites along their 
length. In the cat, the horizontal cell dendrites synapse only to 
cones, and the axon terminal connects exclusively to 
rods.*!°3!! Thus, rods and cones are interconnected primarily 
by horizontal cells. Direct contact also exists between adja- 
cent cones and between rods and cones.?0312-313 For example, 
in two species of turtles, Pseudemys scripta elegans and 
Chelydra serpentina, gap junctions occur between adjacent 
cone pedicles regardless of whether they are red cones or 
green cones.>!4 


Inner Nuclear Layer 


The inner nuclear layer is composed of the soma of horizontal 
cells, bipolar cells, amacrine cells, and Müller cells (Figs. 
2.146 and 2.147). The neurons in this layer maintain connec- 
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Figure 2.163. Synaptic ends of photoreceptors in the dog. A. Rod termination consists of a spherule, which has two invaginations (arrows) present adja- 
cent to synaptic ribbons (A). Nu, nucleus. (Original magnification, X50,000.) B. Cone termination consists of a pedicle (P), which contains numerous invagi- 


nations (arrows) and associated ribbons. (Original magnification, X28,000.) 


Figure 2.164. Outer plexiform layer of the cat. Synaptic vesicles fill 
spherules, and the small arrows point to an arciform density. B, bipolar cell 
process; H, horizontal cell process; R, rod nuclei; RS, rod spherules; S, rib- 
bon synapse in rod spherule with synaptic ribbon. (Original magnification, 
X22,500.) 


tions between the visual cell layer and the ganglion cell layer. 
These cells, which include the horizontal, bipolar, and 
amacrine cells, are involved in modification and integration of 
stimuli. 

The horizontal cell nuclei are positioned along the outer- 
most margin of the inner nuclear layer, whereas the amacrine 
cells are positioned along the innermost margin (Fig. 2.165). 
These two cell types have ramifying branches in their respec- 


tive plexiform layers and act as integrating units. The bipolar 
nuclei and Miiller cell nuclei compose the intermediate zone 
of the inner nuclear layer.3%?58:303 

Two types of horizontal cells have been identified in most 
vertebrates, small field and large field, but reports conflict 
regarding their connections and whether an axon is present. 
An axonless horizontal cell, known as type A, has been docu- 
mented in several mammalian species synapsing with all 
kinds of cones.*'>!° In the second type, type B, it is generally 
believed that the dendritic endings of this horizontal cell 
synapse with the same cone pedicles as type A but that the cell 
has an axon as well, which synapses with rod spherules.7!° A 
third type, which also has an axon, is known to exist in the 
human retina.*!’ The nuclei of horizontal cells are large, with 
a single, prominent nucleolus. The cells are also characterized 
by their wide, horizontally oriented cell processes. 

In artiodactyl retinae, the externally positioned horizontal 
cells correspond to the A-type (axonless) cells in other mam- 
malian species and have a delicate dendritic tree, while the 
more internally positioned horizontal cells correspond to the 
B-type cells and have single axons but with a more developed, 
robust dendritic tree.*!® 

In the rabbit, the two horizontal cell types (i.e., types A and 
B) can be distinguished by use of different dyes.7!” Type B, 
which is slightly smaller (diameter, 100 um) than type A 
(diameter, approximately 120 um), outnumbers type A in the 
area of the visual streak by nearly 2.5 to 1 (1375 cells/mm? 
versus 555 cells/mm7’).?!? Peripherally, both types dwindle in 
density, with type B remaining more populated (400 
cells/mm? versus 250 cells/mm’). In the tree shrew, which has 
a retina that consists of 95% cones, the density of type B hori- 
zontal cells is up to three times as numerous as type A at any 
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Figure 2.165. Inner nuclear layer and inner plexiform layer (/PL) of a pig (A) and a chicken (B). AC, amacrine cell; B, bipolar cell; GCL, ganglion cell layer; 
HC, horizontal cell; M, Müller cell; ONL, outer nuclear layer. (Original magnification: A, X100; B, X200.) 


location within the retina.°”° In horses and related species (i.e., 
Equus caballus, E. asinus, E. grevy), type B horizontal cells 
outnumber type A by from 5:1 to 10:1.72! Type A horizontal 
cells of equids are unusual among mammals in that they have 
very large dendritic fields. Their dendrites, which are fine and 
sparsely branched, appear to contact cones selectively, specif- 
ically blue cones, which comprise 10% to 25% of the cone 
population (Fig. 2.166). In the horse, type B cell densities 
range between 500 and 900 cell/mm? within the visual streak, 
being greater than 1000 cells/mm‘? in the area centralis, which 
is at the temporal end of the visual streak.**! The density of 
type B cells drops sharply away from the visual streak to 
between 100 and 300 cells/mm?. By comparison, type A cell 
density is between 50 and 100 cells/mm? within the visual 
streak and from 15 to 45 cells/mm? peripherally. 

The bipolar cell is the second-most numerous neuron in the 
retina of most domestic animals, and it constitutes the radial 
connection between the photoreceptors and the ganglion cells. 
In cone-rich retinas, the numbers of bipolar cells increase 
remarkably, as do those of amacrine cells (Fig. 2.164B). 
Being radially oriented, their dendritic processes in the outer 
plexiform layer synapse with photoreceptors and horizontal 
cells, and their axonal processes terminate in the inner plexi- 
form layer synapse with amacrine and ganglion cells (Fig. 
2.146). Bipolar cells are subdivided according to their shape 
on the basis of Golgi impregnation staining and other selective 
labeling procedures, type of synaptic connections with pho- 
toreceptors, and axonal endings within the inner plexiform 
layer. Among mammalian retinas, the inner nuclear layer 
houses the somata of a single type of rod bipolar cell and a 
variety of cone bipolar types. 

In the dark, a light signal is conventionally passed from a 
rod synapse onto a rod bipolar cell, which then contacts an 


Figure 2.166. The equine retina has thin, inner nuclear layer (/NL) with 
widely dispersed, large horizontal cells (arrow), some of which span the 
entire thickness of the INL. GC, ganglion cell. (Original magnification, 
X400.) 


amacrine (AIT) cell that separates the signal into on and off 
pathways through synaptic activity with cone bipolar cells. 
These cells synapse with their respective ganglion cells, 
which move the on and off signals to the visual centers within 
the CNS. Consequently, rod bipolar cells (i.e., mop bipolar 
cells) apparently connect only with rod spherules and then 


synapse with amacrine cells in the inner plexiform layer. 
These bipolar cells, which synapse with many rod spherules, 
do not synapse directly with ganglion cells. Among many 
species, the distribution of rod bipolar cells in the retina gen- 
erally parallels the distribution of rod photoreceptors, which 
in the rabbit are greatest along the dorsal and ventral margins 
of the visual streak and area centralis, at densities of 5000 to 
7000 cells/mm?.*? Overall, the density ratio of rods to rod 
bipolar cells varies little throughout the rabbit retina, ranging 
from 43:1 dorsally to 58:1 ventrally. 

Cone bipolar cells, by comparison, can be divided into 
many types, consisting of 11 in the cat and 9 in both the rabbit 
and monkey.?!?:323-326 Flat, diffuse bipolar cells synapse with 
several cones, whereas midget bipolar cells, which are of two 
types, invaginating and flat, synapse with cones singly. All 
cone bipolars can synapse with ganglion cells and amacrine 
cells in the internal plexiform layer. In some instances, cone 
bipolar cells can be presynaptic to rod amacrine (i.e., type ATI) 
cells (i.e. narrow-field bistratified), as previously 
described*”’; as a result, certain bipolar cells are also part of 
the rod pathway because they receive input from rod-associ- 
ated amacrine cells. The pattern of axonal arborization of the 
cone bipolar cells can vary considerably from one type to 
another. Axonal endings may occupy one or more specific 
strata within the inner plexiform layer.**’ The cytoplasm of 
bipolar cell axons can be identified ultrastructurally by their 
microtubules, and their nuclei are slightly smaller and more 
osmiophilic than those in horizontal cells (Fig. 2.167). For the 
most part, cone bipolar cells have narrow dendritic and axonal 
fields, which would be expected in radial transmission of 
information for high-spatial resolution. Nevertheless, a small 
population (<1% of the total population) of bipolar cells in the 
rabbit has dendritic arbors that spread across an area 50 to 200 
5m in diameter.*”* Even so, the dendrites largely end at a com- 
mon point in the outer plexiform layer, as do the axonal arbors 
within the inner plexiform layer. In this way, the entire popu- 
lation of this bipolar cell spatially links the outer and inner 
portions of the retina. 

In rod-dominant retinas such as those of the rat, it has been 
assumed that cone bipolar cells form a relatively small portion 
of the inner nuclear layer. Results of immunocytochemical 
identification of cone bipolar cells in the rat retina, however, 
have shown that at least 50% of all bipolar cell are cone bipo- 
lar cells.*° Since the photoreceptors of the rat retina are com- 
posed of approximately 99% rods, it would appear that cone 
bipolar cells function in a more substantial way than previ- 
ously believed. In addition to the conventional route for sco- 
topic vision previously described, a pathway involving direct 
contacts between rods and off cone bipolar cells can occur, but 
most likely varies in amount considerably from one species to 
another. 

In the nonmammalian retina of the Reeves’ turtle (Geo- 
clemys reevesii), nearly one quarter of the total bipolar cell 
population is dislocated within the outer nuclear layer, thus 
forming its most proximal layer.*?! As further examination of 
bipolar cells from other mammalian and nonmammalian 
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Figure 2.167. Collage of a canine inner nuclear layer. Bipolar cells (BC) 
form the largest population of neurons in this layer, being heterogenous in 
appearance and having euchromatic to somewhat heterochromatic nuclei. 
Muller cells (MC), which are fewer in number, are next to the bipolar cells. 
IPL, inner plexiform layer. (Original magnification, X10,100.) 


retinas are made, new types and their respective roles will 
undoubtedly be discovered. 

Traditionally, the amacrine cell has been described as a 
neuron without an identifiable axon, whose processes termi- 
nate in the region of the inner plexiform layer.” Ultrastruc- 
tural studies have, in fact, demonstrated that these neurons are 
of the pseudounipolar type, having axons with the characteris- 
tic synaptic vesicles but also having features in common with 
dendrites. The amacrine cells are located vitreally in the 
inner nuclear layer, and they are recognized by occasional, 
indented euchromatic nuclei (Figs. 2.165 and 2.168). Their 
cytoplasm is more copious than that of bipolar cells, being 
filled with polysomes and rough endoplasm reticulum (i.e., 
Nissl bodies), mitochondria, neurofilaments, and tubules. Col- 
lectively, amacrine cells provide horizontal integration in the 
inner plexiform layer between bipolar cell terminals, ganglion 
cell dendrites, and other amacrine cells (Fig. 2.146). 

Amacrine cells are categorized on the basis of the distribu- 
tion of their axonal processes, which results in two major 
classes: diffuse and stratified. In addition, numerous basic 
types or subclasses of amacrine cells (up to 24 in the human 
retina and 27 in the squirrel) have been described on the basis 
of the degree of branching and stratification as determined by 
selective staining.*°*** Diffuse amacrine cells have been sub- 
divided on the basis of the size of their axonal fields into nar- 
row- and wide-field types,>!!39 and their processes typically 
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Figure 2.168. The amacrine cell of a dog possesses round, euchromatic 
nucleus (Nu) with occasional indentations (arrows) and a moderate amount 
of cytoplasm. M, mitochondria. (Original magnification, X14,000.) 


extend throughout the entire thickness of the inner plexiform 
layer. Among the different types of diffuse amacrine cells 
known is a wide-field type (also referred to as narrow-field, or 
bistratified) that contacts both rod bipolar cells and ganglion 
cells (i.e., the rod [A17] amacrine cell).*** Stratified amacrine 
cells, on the other hand, have been categorized primarily by 
the location of the layers in which their processes lie.335336 For 
example, certain types extend their processes to the outermost 
portion of the inner plexiform layer.’ Among the different 
types of stratified amacrine cells is one that also contacts both 
rod bipolar cells and ganglion cells, and this is categorized as 
narrow-field, bistratified (i.e., rod [AII] amacrine cell). It is 
interesting to note that in certain photopic animals, such as the 
ground squirrel, the ATI amacrine cell is not evident, suggest- 
ing the strong functional diversity of amacrine cell popula- 
tions according to the dominance of rods versus cones among 
mammalian retinas.*** 

In addition to the different morphologic types, physiologic 
differences can also be correlated.**”**? Over 30 different 
types of neurotransmitters exist within the synaptic processes 
of amacrine cells, including glycine, dopamine, taurine, 
acetylcholine, y-aminobutyric acid, and a variety of neuropep- 
tide substances, and those providing excitatory and inhibitory 
responses.’ 

More recently, a new type or population of amacrine cells 
was found in the ganglion cell layer of the retina and appropri- 
ately named the displaced amacrine cell. Most amacrine 
cells of the peripheral cat retina consist of this type.*“° In the 
squirrel (Spermophilus beecheyi), three types of displaced 
amacrine cells occur, forming mirror-image pairs across the 


inner plexiform layer with similar amacrine cells within the 
proximal portion of the inner nuclear layer.*** 

In addition to the horizontal cell, bipolar cell, and amacrine 
cell, there is a fourth neuron of the inner nuclear layer, called 
the interplexiform cell, that is not found in all retinas.30:332.342 
This neuron, which is observed in the innermost zone of the 
inner nuclear layer, has both pre- and postsynaptic processes 
in the inner plexiform layer and presynaptic connections with 
horizontal and bipolar cells via a long horizontal process 
extending to the outer plexiform layer. As a result, it provides 
a feedback mechanism from the inner retina to the outer 
synaptic layer. 

With the advent of immunohistochemical procedures, the 
intricate circuitry of the inner retina is now being explored in 
the rabbit, cat, and other species.*¥9*4334 As specific associa- 
tions between the different types of amacrine cells and those 
they contact (i.e., bipolar and ganglion cell populations) con- 
tinue to be made, a clearer understanding of the visual-related 
events occurring among neurons of the inner nuclear layer, 
including the roles they play in the rod and cones pathways 
and ganglion cell directional selectivity, is possible. 

Müller cells (radial glial cells) are the principal nonneu- 
ronal cell of the vertebrate retina and serve as supportive cells 
for most neurons in the retina. They tend to have more cyto- 
plasm and to lie in the outer portion of the inner nuclear layer. 
Miiller cells are elongated, branching cells that extend from 
the internal limiting membrane to beyond the external limiting 
membrane. They are important for internal structural support 
as well as for nutrition of the retina. Müller cell fibers fill 
almost all the extracellular space between neural cells. In both 
the outer nuclear and ganglion cell layers, Müller cells form 
close contacts to the neuronal somata, entirely encasing them, 
compared with the neuronal somata of the inner nuclear layer, 
which are only partially wrapped.*#>*“° Their nuclei are angu- 
lar and have denser chromatin than other nuclei in the inner 
nuclear layer (Fig. 2.167). In animals with an intraretinal vas- 
cular system, the outer processes are scanty in cellular cyto- 
plasmic organelles and light-staining, whereas the inner fibers 
contain more numerous organelles. Numerous filaments are 
present, especially near the internal limiting membrane, and a 
very well-developed, smooth-surfaced endoplasmic reticulum 
is present.*°*347 The vitreal ends of the Müller cells possess 
end feet, which have the ability to phagocytize foreign sub- 
stances and consequently may play an important role in nor- 
mal retinal function.*** The lateral sides of the end feet contain 
gap junctions, thus allowing these cells to transmit informa- 
tion throughout the retina. 

In most animals, the Müller cell has a close spatial relation- 
ship with the blood vessels, indicating possible roles in the 
formation of the blood—retinal barrier, uptake of nutrients, and 
disposal of metabolites. In the rabbit retina, however, and 
quite possibly in retinas of other species, Müller cells do not 
contact blood vessels and may not participate in the 
blood-retinal barrier and transfer of metabolites.** 

As a cell type within the vertebrate retina, the Müller cell is 
unique in that it consists of a single morphologic class or type. 
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These cells do vary in length according to the overall thickness 
of the retina, being shortest peripherally and longest centrally. 
Regarding their cell density, Miiller cells have a neuronal-like 
distribution (Table 2.22). Peak density of the Müller cell occurs 
centrally in both the monkey (>30,000 cells/mm? parafoveally) 
and the rabbit (10,700-15,000 cells/mm? at the visual 
streak)*“54°. In both the rabbit and monkey, Müller cell den- 
sity drops considerably toward the periphery, to between 4400 
and 6000 cells/mm? and 6000 cells/mm”, respectively. 


Inner Plexiform Layer 


The inner plexiform layer is the synaptic region between the 
first- and second-order neurons, and it is notably thicker than 
the outer plexiform layer in all vertebrate retinas, especially 
those that possess fovea and well-defined area centralis (Figs. 
2.146, 2.147, and 2.165). This layer comprises the cell 
processes of the inner nuclear and ganglion cell layers, at which 
synapses between bipolar, amacrine, and ganglion cells occur. 

The bipolar cells synapse in ribbon synapses with two post- 
synaptic elements and hence are termed a dyad. The postsy- 
naptic elements of the dyad consist of a ganglion cell dendrite 
and an amacrine process or two amacrine cell processes (Figs. 
2.146 and 2.169). The predominant pairing is species variable, 
and in the cat, the rod bipolar terminals synapse only with the 
two types of amacrine cells previously mentioned. The cone 
bipolar cells synapse directly on a ganglion cell dendrite and 
an amacrine cell process, and the amacrine cells associated 
with rod bipolar cells act as internuncial neurons connecting 
with the ganglion cells.30834 

In addition to the ribbon synapses, abundant conventional 
synapses are present on the amacrine cells. These synapses 
involve bipolar terminals, ganglion cell dendrites, and other 


Figure 2.169. The bipolar-amacrine-ganglion cell interaction. The bipo- 
lar cell (B) projects onto both the ganglion (G) and the amacrine (A) cells. 
The amacrine cell controls or adjusts the bipolar cell in a negative feedback 
arrangement. 1, further interactions; 2, reciprocal inhibition. (Redrawn from 
Records RE, et al. Electrical signals of the retinal microcircuitry and the 
visual cortex. In: Duane TD, Jaeger EA, eds. Biomedical Foundations of 
Ophthalmology. Vol. 2. Philadelphia: JB Lippincott, 1988.) 
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amacrine cells. Some act as reciprocal synapses back onto a 
bipolar terminal after participating in a dyad synapse (Fig. 
2.169); thus, a single amacrine cell may connect presynapti- 
cally and postsynaptically to different areas of the same bipolar 
cell. In addition, serial synapses between two or more adjacent 
amacrine cell processes have been observed.*°* For example, 
in both the rabbit and cat, the rod narrow-field, bistratified 
amacrine cells are inserted in series along the rod pathway.’ 

The bipolar axons contain numerous synaptic vesicles and 
mitochondria, and they are the only structures to contain 
synaptic ribbons. The ganglion cell dendrites are the only 
processes in the plexiform layer without synaptic vesicles. 
They are pale, with smooth and rough endoplasmic reticulum, 
small mitochondria, and microtubules. The amacrine 
processes, which also are pale and possess large mitochondria 
and synaptic vesicles, are the most numerous because of the 
extensive arborization of their axons. 

Aside from the neurochemical synapses, gap junctions 
occur between bipolar axons and ganglion somata as well as 
between rod AII amacrine cells and midget cone bipolar 
cells.’ Functionally, the outer plexiform layer is organized to 
enhance static or spatial aspects to accentuate contrast in the 
retinal image. The inner plexiform layer appears to be con- 
cerned with temporal or dynamic activities, enhancing motion 
and direction responses.*°8 


Ganglion Cell Layer 


The ganglion cell layer usually contains ganglion cells of 
three different types together with neuroglial cells and retinal 
blood vessels. It is the innermost cell layer of the retina and 
consists of a single layer of cells, except in the area centralis 
and visual streak, at which it can be two or three cell layers 
thick (except in primates and various nonmammalian animals, 
in which it can be six to nine cell layers thick) (Figs. 2.147, 
2.165, and 2.170; Table 2.23). 


Figure 2.170. The ganglion cell layer of a pig is one or two cell layers 
thick at the paracentral retina. GC, ganglion cell; /PL, inner plexiform layer; 
NFL, nerve fiber layer. (Original magnification, X400.) 
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Table 2.23 Ganglion Cell Densities Within the Visual Streaks of Different Vertebrates 


With measurement of isodensity lines of the ganglion cell 
within the retina, the occurrence of the visual streak and asso- 
ciated area centralis has been determined in many vertebrate 
species, 201351352 Animals with well-defined visual streaks 
include the cat, dog, wolf, ferret, horse, rabbit, chipmunk, 
squirrel, selected hysticomorph Amazonian rodents, brush-tail 
possum, lizard, snake, and birds.3°!*>?-76 Animals with less- 
defined visual streaks include nocturnal rodents (i.e., rat, 
mouse, and nocturnal paca), two-toed and three-toed sloths, 
elephant, koala, guinea pig, and anurans.*?*°'36 In most 
instances, isodensity measurements of the ganglion cell reveal 
a streak along the horizontal axis that often extends more tem- 
porally than nasally. Interestingly, isodensity measurements of 
different bat retinas reveal visual streaks of varied development 
similar to those found among other mammals (Table 2.23).>°” 

Some variations of the shape and location of the streak do 
occur. In the dog and cat, the visual streak is more concentric 
than elongated.**° In the horse, which has a narrow, elongated 
visual streak, the highest ganglion cell density occurs within its 
temporal portion, at which optimal resolution is believed to be 
restricted.*° In the elephant, in addition to a concentration of 
ganglion cells along the horizontal plane inferior to the optic 
disc is another concentration of ganglion cells in the dorsal tem- 
poral retina, which may be an evolutionary adaptation enabling 
the animal to monitor its trunk.*°! Another unusual variation of 
the visual streak can be found in sloths.* In these animals, the 
visual streak is oriented vertically in the ventral temporal retina. 
The location of the visual streak may be an adaptation allowing 


Ganglion 
Cell Density 
Animal (per mm?) Description Reference 
Frog 3500 Weak, asymmetric streak located centrodorsally 364 
Brush-tailed possum 5000 Horizontally positioned 0.6 mm above optic disc in 358 
tapetum, highest concentration near 
temporal end of streak 
Honey possum 9000 At area centralis in midtemporal retina 358 
Guinea pig 2300 Streak temporally located, 4-5 mm 363 
toward optic disc 
Three-toed sloth 1500 Streak vertically oriented, with highest density 362 
in inferior temporal retina 
Rabbit 5400 Prominent horizontal streak 360 
4700 345 
Pigmented 3300-4300 Prominent horizontal streak with 351 
ferret highest density at area centralis 
Dog 5300-—13,000 Moderate to pronounced horizontal streak 353 
6400-14,400 extending temporally and nasally far 356 
from area centralis 
Wolf 12,000-14,000 Pronounced horizontal streak 353 
Horse 6500 Narrow horizontal streak slightly dorsal to 357 
optic disc with highest density temporally 
Bottlenosed dolphin 670 At two spots: in nasal and temporal quadrants, 447 
15-16 mm from optic disc 
eee 


the sloth to rotate uniquely its head 180 degrees while climbing 
upside down along horizontal branches.* 

Three basic forms of ganglion cells have been described in 
the cat, and extensive research in the cat has related the mor- 
phology of these cells to their neurophysiology (see Chapter 
4).*5! Boycott and Wassle*”? described a, B, and y ganglion 
cells in the retina on the basis of dendritic fields, and these 
morphologic types correspond with the three physiologic types 
of ganglion cells (Y, X, and W).*4°® The size of the dendritic 
fields for each of the three morphologic types varies with the 
location in the retinal field. All three are represented through- 
out the retina, including the visual streak and area centralis, but 
the proportions vary. Matching of the morphology of the gan- 
glion cells with their physiologic counterparts is not always 
observed. In the ferret, three types of ganglion cells occur 
physiologically, but they do not consistently fall into distinct 
groups with regard to size**!; the tendency for ganglion cells to 
become smaller in the size of their somata within the visual 
streak is not seen in this animal’s retina. In the rabbit, the a or 
Y cells are similar to those of a cat but none resemble the B 
cells of a cat, being instead referred to as class II cells, while a 
cells are referred to as class I cells.’ The class I cell is subdi- 
vided into four distinct types based on the level of dendritic 
branching, while the class II cells consist of three types, each 
having smaller fields than those of type class I. 

Alpha or Y cells, which have rather sparsely branching den- 
drites and a large perikaryon, are relatively few in number, being 
found mostly within the peripheral retina. In the canine retina, 
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the density of the a cell can vary considerably. Depending on the 
retinal location, it can comprise between 3% to 14% of the total 
ganglion cell population in the dog and 1% to 18% in the wolf.*° 
However, in the wolf, a ganglion cells can be completely absent 
in a substantial region of the temporal peripheral retina.?® 

Beta or X ganglion cells are smaller than a cells in similar 
areas and have more branches. They also are much more 
numerous than a cells, being more concentrated within the 
area centralis and visual streak than peripherally. 

Gamma or W cells, which have a small perikaryon with a 
few thin, infrequently branching dendrites, are also numerous 
and mostly concentrated in the central retina.?”! The smaller 
ganglion cells are, for the most part, directly connected with 
midget bipolar cells, which in turn synapse solely with cones 
(Fig. 2.146). These ganglion cells are undoubtedly involved in 
high-resolution vision and project mostly to the superior col- 
liculus.*”' In the cat, the y cells comprise nearly one half the 
ganglion cells in most of the nasal retina but only one third of 
those in the temporal retina and area centralis*”*; however, y 
cells of the temporal retina cross contralaterally to the brain 
twice as frequently as those that form uncrossed projections. 

Ultrastructurally, the different types of ganglion cells 
have not been differentiated.’ In general, they have abundant 
cytoplasm, which is characterized by aggregates of rough 
endoplasmic reticulum and ribosomes (i.e., Nissl substance) 
scattered through the cytoplasm, a smooth-surfaced endo- 
plasmic reticulum, dense membrane-bound bodies, and 
mitochondria (Fig. 2.171).3%758373 


Nerve Fiber Layer 


Axons of ganglion cells gather in nerve fiber layer, then turn at 
right angles and course to the posterior pole, at which the 
optic nerve exits (Fig. 2.170). To maintain transparency of the 
retina, the nerve fibers lack myelin sheaths. Some neuroglial 
cells and the inner tips of Miiller cells are also present among 
the nerve fibers. Large retinal vessels (from the short posterior 
ciliary arteries in the dog) occur in the nerve fiber layer as well 
as in the ganglion cell and inner plexiform layers. 

The nerve fiber layer increases in thickness as it 
approaches the optic disc. The axons, which do not branch, 
pass radially to the optic nerve, except in the area centralis, 
where the concentration of axons arising from this region 
causes the more peripheral axons to arc around to reach the 
optic disc. In the cat, the mean axon diameter within the nerve 
fiber layer is 1.12 to 1.47 um, being unimodal (0.6-0.8 um) in 
distribution next to the optic disc and bimodal or even tri- 
modal (0.0-0.8, 1.4-2.1, 3.3 um) away from the optic 
nerve.*”* Axonal diameters within the optic nerve may be as 
much as 30% greater than those within the nerve fiber layer. 
Association ganglion cells that have branching axons have 
been reported in the calf, cat, and dog, but the termination and 
synapses that these fibers make are unknown.” 

The neurons of the fiber layer are mainly centripetal (i.e., 
afferent) fibers carrying impulses from the retina to the brain, 
but in some species, centrifugal (i.e., efferent) fibers carrying 
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Figure 2.171. The inner plexiform and ganglion cell layers in a cat. Two 
rod bipolar synaptic terminals are identifiable with their synaptic ribbons 
(small arrows). Conventional synapses involving amacrine processes and 
bipolar cells, ganglion cells, or other amacrine cell processes are also visi- 
ble (open arrows). In addition, Müller cells (M) with abundant smooth-sur- 
faced endoplasmic reticulum are evident. The ganglion cells (G) contain 
electron-dense bodies, rough-surfaced endoplasmic reticulum (i.e., Nissl 
substance), and mitochondria. (Original magnification, X9700.) 


impulses from the brain to the retina have been described. In 
birds, the presence of centrifugal fibers is well established, but 
in other animals, their presence and origin are controver- 
sial.”?%375 The axons are of various sizes, and the large axons 
originate from the large ganglion cells (i.e., Y or a cells). 

In addition to Miiller cells, glial cells are present in the 
inner retina, being found in the inner plexiform, ganglion cell, 
and nerve fiber layers. The astrocytes have long, branching 
processes and are found in a supportive role structurally and, 
perhaps, nutritionally around blood vessels and nerve axons 
(Eig. 2.172). 


Inner Limiting Membrane 


The inner limiting membrane is a true basement membrane 
formed by the fused terminations of Müller cells. Along the 
innermost aspects of the sensory retina, the Müller cell processes, 
which are vertically oriented, flare out and abut the adjacent 
processes. On the inner or vitreal surface of these expansions, a 
basement membrane comprises the main part of the inner limit- 
ing membrane, with the remaining contribution from the vitreal 
fibrils inserting into the basement membrane itself. 


Retinal Vasculature 


Classically, variations of the retinal vasculature have been cat- 
egorized into four basic patterns: holangiotic, merangiotic, 
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Figure 2.172. Within the canine inner retina, blood vessels (BV) are 
lined by numerous processes of astrocytes, which are revealed by immuno- 
histochemical localization for glial fibrillar acid protein (arrows). (Original 
magnification, X1000) (Courtesy of A Komaromy.) 


paurangiotic, and anangiotic. Most mammals possess the 
holangiotic pattern, in which most of the sensory retina 
receives a direct blood supply (see Chapter 27). The merangi- 
otic pattern consists of blood vessels localized to a region of 
the retina. Lagomorphs (rabbits and pika) have this particular 
pattern. In the paurangiotic pattern, blood vessels within the 
retina occur only near the optic disc (peripapillarily). This pat- 
tern is seen in certain ungulates, such as the elephant, rhinoc- 
eros, horse, and marsupials. The anangiotic pattern is 
characterized by an absence of any vasculature within the sen- 
sory retina, and it occurs in many nonmammalian species, 
most notably birds, and in certain mammals, including 
monotremes, marsupials, and placentals (i.e., bats). In gen- 
eral, the retinal arterial supply in domestic animals is via the 
short posterior ciliary arteries, which are termed cilioretinal 
arteries, rather than via a central retinal artery origin, as in 
higher primates.*277,376.377 

In the holangiotic pattern of the cat, three major pairs of cil- 
ioretinal arteries and veins are present, originating around the 
optic disc periphery. They consist of a dorsomedial pair that 
curves laterally, a ventromedial pair, and a ventrolateral pair of 
arteries and veins. These vessels arc around the area centralis, 
leaving what appears clinically to be a vessel-free zone, but a 
capillary network is, in fact, present. The capillaries exist in the 
intercommunicating nets in a superficial (i.e., nerve fiber) anda 
deep (i.e., inner nuclear) layer. Adjacent to arterioles and arter- 
ies is a 100-um to 200-um capillary-free zone.>”” 

In the dog, approximately 20 cilioretinal arterioles radiate 
from the optic disc and three to four major veins. Additional 


smaller veins join the larger veins on the optic disc and form a 
very short central retinal vein. The retinal vessels tend to be 
more tortuous in the dog than in other animals. The capillary 
network is extensive and similar to that of the cat in its depth, 
having a capillary-free zone around arterioles and a capillary 
network over the area centralis. 

Histologically, the larger vessels of holangiotic retinas lie 
within the nerve fiber, ganglion cell, and inner plexiform lay- 
ers. Capillaries, however, lie mostly within the inner nuclear 
layer and, to a lesser extent, within the ganglion cell and nerve 
fiber layers (Fig. 2.173A). Ultrastructurally, one to four 
endothelial cells line a capillary lumen. A basement mem- 
brane covers the endothelium as well as divides the surround- 
ing mural cells (i.e., pericytes) and their processes (Fig, 
2.173B).*°8 Adjacent endothelial cells are attached by desmo- 
somes and tight junctions.*” 

The paurangiotic retina of the horse contains approxi- 
mately 30 fine arteries to arterioles and 30 veins to venules of 
approximately 25 and 35 um in diameter, respectively, at the 
optic disc.3”° Ophthalmoscopically, they cannot be distin- 
guished from each other, and they radiate 360 degrees out- 
ward from the disc for 6 mm horizontally and 3 to 4 mm 
vertically. The arteries do not form a capillary network at their 
terminations; rather, they pass directly into the venules, which 
have arteriolar annuli at the point of side-arm branching.*3" 

The merangiotic retina, as seen in the rabbit, consists of a 
horizontal band of vessels that are confluent with medullated 
nerve fibers, emanating medially and laterally from each side 
of the optic disc. The vessels branch in a side-branch manner 
rather than dichotomously, which is usually the case in most 
mammals.*’8 Four capillary areas are located within the hori- 
zontal band, including superficial net capillaries, deep capil- 
laries of the nerve fiber layer, peripheral capillaries, and 
peripapillary capillaries. 

In the anangiotic retina, vasculature within the inner eye is 
restricted to a structure called the pecten (pecten oculi), which 
lies vitreal to the optic nerve. The pecten is a highly pigmented, 
pleated structure reminiscent of ciliary processes, and it con- 
tains a rich plexus of small blood vessels (Fig. 2.174). The 
plexus is supplied by tributaries of the ophthalmotemporal 
artery and lacks any direct connections with the neighboring 
choroidal circulation.’ The main function of the pecten is to 
provide nourishment for the inner retina and inner eye. 20 
When viewed grossly, the pecten can be divided into three 
types: the pleated type seen in most birds; the conical type 
found in kiwi; and the vaned type reported in the ostrich.” 
Among the pleated pecten, the number of pleats and the size 
varies considerably within avian species. The variations appear 
to be associated with the general activity of bird behavior, 
including visual capability. The pecten, which are large and 
consist of numerous folds, such as those observed in the red- 
tailed hawk (Buteo jamaicensis), or small, especially relative 
to the size of the globe, with few folds, as seen in the emu 
(Dromaius novaehollandiae), are indicative of the variable 
involvement in the transport of substances to the avascular 
retina. the? 
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Figure 2.173. A. In holangiotic retina, as seen here in the pig, capillaries (arrows) are formed mostly within the ganglion cell layer (GCL) and inner nuclear 
layer (INL). NFL, nerve fiber layer; ONL, outer nuclear layer. (Original magnification, X125.) B. Close-up of a canine capillary in the ganglion cell layer reveals 
a basement membrane (arrows) that covers both endothelial cells (EC) and mural cells (MC). Adjacent endothelial cells are fused together by a junctional 
complex (JC) consisting of zonula adherens and zonula occludens. (Original magnification, X17,000.) 


Figure 2.174. A. The avian pecten, as seen here in the chicken, consists of a pleated vascular plexus that lies vitreally atop the optic nerve head (ON). 
(Original magnification, X50.) B. Close-up of the base of the pecten as it internally lines the nerve fibers (NF) that form the optic nerve head. BY, blood ves- 


sels of the pecten. (Original magnification, X250.) 


The amount of pigmentation varies among pecten of differ- 
ent birds, but melanin is especially developed along the apical 
portion, which may protect the blood vessels against exposure 
to incident UV light.*** The amount of UV light the retina and 
pecten may receive has not been determined in birds; how- 
ever, evidence indicates that at least some avian retinas use 


UV light for visual detection.**° Thus, it seems reasonable to 
expect the vasculature of the pecten, which potentially serves 
the inner retina and vitreous, to be shielded from UV light and 
its potential for eliciting dangerous reactive oxygen radi- 
cals.**4 In addition to providing protection against the damag- 
ing influence of UV light, the extensive population of 
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melanocytes may offer structural support to the pecten as 
wel] ,382:386,387 


Aging 

In aging eyes, the inner limiting membrane becomes thickened 
and increasingly vacuolated. The inner and outer plexiform 
layers can have cystoid spaces, which are formed within Mül- 
lerian cells. The layers of the sensory retina, especially the 
outer nuclear layer of the peripheral retina, progressively 
thin.’ A displacement or migration of photoreceptor nuclei 
into the visual cell layer also occurs with age in humans and 
the rat.3®939° Cells of the RPE become fewer but, concomi- 
tantly, become filled with residual bodies, including aging pig- 
ment (i.e., lipofuscin).*8849!3% In primates, the underlining 
Bruch’s membrane has a buildup of cellular debris—like mate- 
rial, including undigested material from deteriorating RPE 
cells. This type of buildup has not been found in any other 
species. In older pigs (5-6 years of age), the Bruch’s mem- 
brane increases in thickness because of additional collagen fib- 
rils (Fig. 2.175). In older equine retina, both cystoid 
degenerations and losses of regular layering occur within the 
peripheral retina next to the ora ciliaris retinae.’’° As older ani- 
mals continue to be studied, our understanding of the aging 
retina will expand. 


OPTIC NERVE 


Retinal ganglion cell axons leave the nerve fiber layer and 
form what is called the optic nerve head, optic papilla, or optic 
disc. From this area, they pass through the choroid and sclera 


and into the orbit. The optic nerve is formed by ganglion cel] 
axons, glial cells, and septae, which arise from the pia mater, 
The visual axons synapse in the lateral geniculate body and 
the rostral colliculus, whereas the pupillomotor fibers synapse 
in the pretectal area in the Edinger-Westphal nucleus or the 
nearby anteromedian nucleus. In addition, centrifugal (i.e., 
efferent) fibers occur in some species and may represent a 
method by which the brain can influence retinal function.*”* 

The optic nerve extends from the globe to the optic chiasm, 
and it consists of four regions: intraocular, intraorbital, intra- 
canalicular, and intracranial (Fig. 2.176).** Because of simi- 
lar anatomic properties, the optic nerve is considered to be 
more of a nerve fiber tract of the brain than a peripheral 
nerve.** The intraocular optic nerve consists of retinal, 
choroidal, and scleral portions. 

The terms optic disc, papilla, and nerve head are inter- 
changeable and include the retinal and choroidal portions of 
the optic nerve. Optic papilla refers to an elevation of the 
nerve head, and its presence and development vary among 
species as well as individuals.** Within the optic papilla is a 
central depression called the physiologic cup (Fig. 2.177). The 
cup is lined by a plaque of glial cells known as the central sup- 
porting tissue meniscus of Kuhnt (Fig. 2.178). An exaggera- 
tion of this tissue is Bergmeister’s papilla, which is the 
remnant of the hyaloid artery on the disc (Fig. 2.177). 


Figure 2.176. Ventral view of the dog brain-ocular relationship. The right 


Figure 2.175. Bruch’s membrane in a 6-year-old pig is thicker than that 
in younger pigs because of a buildup of collagen fibrils, especially within the 
outer collagenous layer (OCL). CC, choriocapillaris. (Original magnification, 
X10,000.) 


cerebral hemisphere has been removed; note how physically close the 
eyes are to the brain. /ON, intracranial optic nerve; OC, optic chiasm; ON, 
orbital optic nerve; OT, optic tracts; 7, olfactory tract; 2, piriform lobe; 3, 
pons; 4, medulla; 5, cerebellum; 6, pituitary. 


Figure 2.177. SEM shows the internal view of the optic disc or nerve 
head of a dog. Centrally, the optic disc has a depression known as the phys- 
iologic cup (PC). The arrow indicates remnants of the hyaloid artery. (Origi- 
nal magnification, X40.) 
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Figure 2.178. The optic nerve head and optic nerve of a dog. Arrows 
indicate lamina cribosa; note the number of astrocytes anterior to it. C, 
choroid; CMK, central miniscus of Kuhnt (accumulation of astrocytes in 
physiologic cup); CRV, central retinal vein; RV, retinal veins; S, sclera; PS, 
pial septa. (Original magnification, X720.) 


Converging nerve fibers of the retina cluster into fascicles 
or bundles as they become lined by glial (i.e., fibrous astro- 
cytes) and collagenous (i.e., lamina cribrosa) elements. The 
astrocytes are oriented perpendicularly to the length of the 
bundle, thus separating the nerve fibers from all nonneuronal 
components (i.e., extracellular fibers of connective tissue, 
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Figure 2.179. Trypsin digest of a canine optic nerve shows the network 
of collagen beams that make up the lamina cribosa (LC). These beams, 
which are largely a continuation of the fibrous tunic, are interconnected 
externally to pial septa (PS). (Original magnification, X25.) (Courtesy of DE 
Brooks.) 


Figure 2.180. Within the prelaminar region of the canine optic nerve, 
numerous thick-bodied astrocytes (arrows) are revealed by glial fibrillary 
acidic protein immunohistochemical localization. (Original magnification, 
X1000.) (Courtesy of A Komaromy.) 


blood vessels, and microglia). Vitreally, the astrocytes and 
associated loose connective tissue form capillary-bearing tra- 
beculae that support the nerve bundles as they turn 90 degrees 
into the scleral canal from the nerve fiber layer (Fig. 2.179).°”° 
This region is referred to as the choroidal or the anterior lam- 
ina cribrosa. 

With the assistance of glial fibrillary acidic protein 
immunohistochemical localization, fibrous astrocytes can 
be observed throughout the optic nerve (Fig. 2.180). Two 
morphologic types of fibrous astrocytes can be distinguished: 
thin bodied and thick bodied.” Thick-bodied astrocytes are 
located throughout the optic nerve head and the prelaminar, 
laminar, and postlaminar regions. Within the posterior prelam- 
inar region, these cells form glial tubes, which guide axons 
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into the lamina cribrosa.*°° The thin-bodied astrocytes are 
located more anteriorly, both accompanying and contacting 
axons. 

Sclerally, the posterior region of the lamina cribrosa con- 
sists of meridional extensions of the sclera. In turn, these 
extensions consist of successive laminar sheets with radially 
aligned perforations (Fig. 2.179). Each lamina possesses a 
capillary in its center. As in the retina, the optic nerve capillar- 
ies are nonfenestrated, having tight junctions (i.e., zonula 
adherens).*°”3%8 The lamina cribrosa of the cat, dog, squirrel, 
and monkey is well-developed, having prominent collagenous 
laminae.*°**°? By comparison, the lamina cribrosa of the 
mouse, rat, and rabbit is poorly developed, lacking substantial 
amounts of collagen within the lamina. Among rodents, the 
lamina cribrosa in the rat optic nerve is least developed, con- 
sisting of only one or two beams of sparse connective tis- 
sue“; however, the lamina cribrosa of the guinea pig is 
considerably more developed, consisting of three or more 
beams of abundant connective tissue. Despite the disparity of 
development in these two animals, the extracellular composi- 
tion of this portion of the optic nerve is nearly identical, con- 
sisting of type I, III, and VI collagen, elastin, and dermatan 
and chondroitin sulfate-containing proteoglycans.*°! More- 
over, the extracellular matrix of these small eyes are compara- 
ble to that of the horse and the dog.*°*. Of the different types 
of collagen within the lamina cribrosa, type VI is predomi- 
nant. The equine optic nerve possesses a well-constructed 
lamina cribrosa, which may afford additional protection to the 
optic nerve during episodes of elevated IOP.* 

The axons within the optic nerve are easily distinguished 
by their tubular processes, which contain evenly dispersed 
neurofilaments and neurotubules and occasional vesicles and 
mitochondria (Fig. 2.181). The vesicles, mitochondria, and 
other cytoplasmic materials are being continuously moved 
within the axon toward the synaptic ending (orthogradely) and 
toward the cell body (retrogradely). Movement of these mate- 
rials, which is known as axonal flow, is responsible for the 
constant supply of newly synthesized protein. Axonal flow 
within the optic nerve is normally unimpeded throughout the 
life of the ganglion cell; however, at the region where the 
nerve fibers exit the eye (i.e., lamina cribrosa), axonal flow is 
susceptible to blockage, which usually results from elevated 
TOP.*°344 As the IOP rises in the eye, the laminar perforations 
lose their proper alignment, and axonal flow is inter- 
rupted.*°**° Partial constriction of axoplasmic flow, however, 
has been found at the lamina cribrosa of normotensive eyes 
among a wide range of mammals, including the cat, human, 
rabbit, rat, guinea pig, sheep, ox, and pig. This constriction 
may result from the pressure gradient across the lamina 
cribrosa, and it may contribute to, or be a factor in, low-ten- 
sion glaucoma. In the dog, the axon is myelinated by oligo- 
dendrocytes throughout the entire optic nerve, including the 
optic disc. In the horse, cow, and humans, it begins posterior 
to the lamina cribrosa and is responsible for the marked 


Figure 2.181. Axons within the optic nerve of a dog consist mostly of 
neurofilaments (arrows) and neurotubules with scattered vesicles and mito- 
chondria (M). The axons are lined by myelin sheaths (MS) prelaminarly 
(i.e., anterior to the lamina cribosa) as well as postlaminarly. (Original mag- 
nification, X24,000.) 


increase in optic nerve diameter after exiting the lamina 
cribrosa.* 

The number of nerve fibers, their density, and their range 
of diameter vary considerably among species (Fig. 2.182; 
Table 2.24),!9235140°436 Animals with the least-developed 
eyes, such as the mole rat, contain approximately 900 to 1800 
nerve fibers depending on the species, whereas those with 
highly developed eyes, such as various primates, can have 100 
to 150 times that number. Interestingly, the size of the eye 
often does not correlate with the total number of nerve fibers 
within its optic nerve. 

The orbital portion of the optic nerve is invested with the 
three meningeal sheaths of the central nervous system. 
The outermost is the thick dura mater, which fuses with the 
sclera anteriorly. Posteriorly, at the optic foramen, it divides 
into two layers. The outermost of these layers reflects onto 
orbital periosteum, and the innermost is continuous with the 
dura of the cranial vault (Fig. 2.183). The collagenous fibers 
of the dura run longitudinally on the external surface and 
circumferentially internally. The principal cell type is the 
fibroblast.477! 

The arachnoid sheath is internal to the dural sheath, and it is 
composed of collagen trabeculae covered by meningothelial 
cells of fibroblastic nature. The pia mater is closely applied to 
the nerve and sends septa radially into the nerve, thus dividing 
it into columns (Fig. 2.184). Small blood vessels accompany 


Figure 2.182. Cross-section of the optic nerve in a dog (A) a 


Chapter 2: Ophthalmic Anatomy e 135 


nd a horse (B) posterior to the laminar cribrosa. In both species, the widths of individual 


nerve fibers vary a great deal within a nerve fiber bundle. The myelin sheaths of the nerve fibers in the horse are generally thicker than those in the dog, 


reflecting the longer distances they extend in that species. (Original magnification: Both, X1000.) 


Table 2.24 Axon Count and Density of Optic Nerves among Different Vertebrates 


= 


Axon Density Mean Fiber 

Animal Total Axon Count (per mm?) Diameter (pm) Reference 
Xenopus 68,000 N/A N/A 364 
Viper 53,700-69,600 N/A 0.735 446 
Turtle 394,900 512,191 0.87 (0.42)? 410 
Rat 102,085 568,000 0.6-0.83 409 
Guinea pig 159,000° N/A N/A 411 
Eastern chipmunk 565,000 490,451 0.83 412 
Three hystricomorph rodents 480,000-550,000° N/A N/A 359 
Capybara 370,000° N/A N/A 359 
Nocturna paca 230,000° N/A N/A 359 
Rabbit 394,000 354,395 1.0 413 
Pigmented ferret 82,000-88,000° N/A N/A 351 
Dog 145,000-165,000 —50,000 1.5 414-417 
Cat 193,000 78,000 1.6 418 
Horse 1.08 million 62,800 1.9 419 
Human and monkey 1.1-1.2 million 150,000 1.0 and 0.8 420—422 
Anubis baboon 1.41-1.81 million® — — 423 
Opossum 100,000 264,061 1.6 (0.59)? 424 
Marsupial “quokka” 180,000-224,000° N/A N/A 425 
Bat 17,500 N/A 0.7 426 


*Based on unmyelinated axons. 
*Based on ganglion cell counts, accounting for displaced amacrine cells. 


‘Based on ganglion cell counts, without accounting for displaced amacrine cells, which can compromise 10-50% of cells within the ganglion 
cell layer. 


the pial septa into the optic nerve. In the rabbit, cerebrospinal YWASCULATURE OF THE EYE AND ORBIT 


fluid from the subarachnoid space permeates across the pia and 


penetrates the nerve fibers and surrounding extracellular mate- Among domestic animals, the main supply of blood to the eye 
tials. Cerebrospinal fluid of the optic nerve meninges also pen- and orbit is via the internal maxillary artery (as a branch of the 
etrates the perineural sclera and spreads into the choroid, external carotid artery), which after passing through the alar 


eventually entering the choriocapillaris, venules, and veins.437 canal branches to give rise to the external ophthalmic artery. 
to] > ’ a 
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Figure 2.183. SEM shows how the orbital optic nerve is protected by the 
three meningeal layers, or sheaths, of the central nervous system; the thick 
dura mater (dm), which is internally lined by the arachnoid and its trabecu- 
lae; and the pia mater (pm). (Original magnification, X33.) 


By comparison, in primates, the entire global microcirculation 
and most of the orbital circulation is supplied via the internal 
carotid artery, which gives rise to the internal ophthalmic 
artery.‘ 

Domestic species possess both internal and external oph- 
thalmic arteries, but the external ophthalmic artery provides 
most of the circulation to the eye. Both the long and short pos- 
terior ciliary arteries as well as the lacrimal, muscular, and 
supraorbital arteries derive from the external ophthalmic 
artery. The internal ophthalmic artery, which is relatively 
small, provides the blood supply for the optic nerve and anas- 
tomoses with the external ophthalmic artery or one of its 
branches (Fig. 2.185); this anastomosis is especially promi- 
nent in the dog. 

The blood vessels of the retina and choroid arise from both 
the long and short posterior ciliary arteries. Domestic animals 
generally have a number of small arteries entering the retinal 
layers from around the optic disc. In adult domestic animals, a 
single central retinal artery does not exist. 

In the horse, the choroidal vasculature is fed by short poste- 
rior ciliary arteries, which originate from the four posterior 
ciliary arteries, including the lateral and medial posterior 
arteries that continue anteriorly. Additionally, choroidoretinal 
arteries form a network around the optic nerve, giving rise to 
small retinal arterioles that characterize the pauangiotic fun- 
dus of this species as well as giving rise to peridiscal choroidal 
branches." 

In small mammals, the arterial supply to the eye is compa- 
rable but can be understandably reduced. In the hamster, the 
primary blood supply for the eye is derived from the long pos- 
terior ciliary artery, which initially enters the optic nerve head 
region and separates into three branches, consisting of the 


Figure 2.184. Pial septae within the pig bulbar optic nerve can contain 
melanocytes (Me) and separate the nerve fiber bundles into long columns. 
(Original magnification, X200.) 


medial and lateral long posterior ciliary arteries and the cen- 
tral retinal artery.“ The central retinal artery, in turn, 
branches into six radiating arterioles, which characterize the 
holangiotic fundus of this animal. 

Venous drainage of the eye varies considerably among 
domestic species (Fig. 2.186).4 In the dog, the two main 
venous channels within the orbit are the supraorbital and the 
inferior orbital veins. The lacrimal, superior vortex, eth- 
moidal, and several muscular veins empty into a large dilata- 
tion of the supraorbital vein. The inferior vortex and malaris 
veins empty into the inferior orbital veins, which anastomose 
anteriorly and join the supraorbital dilatation at the apex of the 
orbit posteriorly. Two prominent veins drain the dilatation: the 
orbital vein, which enters the intracranial system; and an inter- 
nal maxillary vein, which connects to the external jugular 
vein.* 

The cat has an external rete or vascular network that is 
more venous than arterial.t The anterior ciliary veins, four 
vortex veins, and a pair of fine long posterior veins empty 
into the rete.8’ The inferior vortex vein and anterior ciliary 
veins initially join the inferior orbital veins, and the superior 
vortex vein drains initially into the superior orbital veins. The 
rete is drained by a large ophthalmic vein, which passes into 
the external jugular. The supraorbital vein also empties ante- 
riorly into the facial vein via the angular and inferior orbital 
veins, which eventually empty into the internal jugular vein.“ 

In the horse, the principal venous channels of the eye con- 
sist of the ophthalmic, orbital, supraorbital, and reflex veins. 
The dorsal ophthalmic vein receives blood from the superior 
vortex, palpebral, and lacrimal veins (Fig. 2.187). The dorsal 
ophthalmic vein is joined posteriorly by the anterior ciliary, 
supraorbital, muscularis, infratrochlear veins, and ultimately, 
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Figure 2.185. Arterial system of the mammalian orbit. Note that variations exist in different animals. 
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Figure 2.186. Venous system of the mammalian orbit. (Modified from Prince JH, Diesen CD, Eglitis |, et al. Anatomy and Histology of the Eye and Orbit in 
Domestic Animals. Springfield, IL: Charles C. Thomas, 1960.) 
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Figure 2.187. Venous system in the equine orbit. 


the ophthalmic vein at the apex of the orbit, at which blood is 
then drained intracranially by the orbital vein and extracra- 
nially by the internal maxillary vein. The ophthalmic vein also 
passes anteriorly to become the reflex vein after first receiving 
the inferior vortex veins via muscular veins, posterior ciliary 
vein, inferior vortex vein, and palpebral veins.‘ The reflex vein 
receives the great palatine, sphenopalatine, and infraorbital 
veins before joining the facial vein. 
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Chapter 3 


Physiology of the Eye 


Glenwood G. Gum, Kirk N. Gelatt, and Doug W. Esson 


Adequate knowledge regarding physiology of the eye and 
visual system of the animal species commonly confronting the 
veterinary ophthalmologist provides an important foundation 
for clinical comparative and veterinary ophthalmology. Most 
diagnostic procedures, interactions of ocular tissues and 
drugs, ophthalmic diseases, and surgical procedures require 
thorough understanding of the normal physiology as well as 
the pathophysiology of the eye and its associated structures. 
This chapter presents the ophthalmic physiology of the eye, 
especially regarding the outer eye, anterior segment, and lens; 
the optics and physiology of vision are presented in Chapter 4. 


PROTECTIVE MECHANISMS OF THE EYE 


Eyelids 


The eyelids of domestic animals are designed to protect the 
anterior segment of the eye, especially the cornea. The eyelids 
contain the meibomian glands, large sebaceous glands that 
secrete the outer, oily layer of the preocular tear film. Some 
accessory lacrimal glands may also be present in the conjunc- 
tiva of some species, and in others, the gland of the nictitating 
membrane contributes to the aqueous layer of the preocular 
film. The normal blinking of the eyelids maintains the physio- 
logic thickness of the preocular tear film, aids movement of 
the tears both to and within the nasolacrimal system, and helps 
eliminate small particles from the corneal and conjunctival 
surfaces. Reflex closure of the eyelids protects the anterior 
segment from external trauma. 

Along with the associated medial and lateral canthal liga- 
mentous and muscle attachments, the eyelids determine the 
shape and width of the palpebral fissure. For example, a wide, 
round palpebral fissure is normal among brachycephalic breeds, 
and a narrow, almond-shaped palpebral fissure is normal among 
dolichocephalic breeds. The shape of the palpebral fissure also 
depends on the relationship of the globe to the orbit. A small 
globe in a deep orbit allows a narrow palpebral fissure; the 
Opposite occurs with a large globe in a shallow orbit. In other 
domestic animals, the shape of the palpebral fissure is more 
constant among the breeds. The nictitating membrane, or third 


eyelid, aids in protection of the conjunctiva and cornea by 
moving, either passively or actively, over the cornea when the 
globe is retracted. The nictitating membrane contains one or 
more important accessory, superficial tear-producing glands 
that contribute to the aqueous portion of the preocular tear film. 
The nictitating membrane also helps to support the position of 
the lower eyelid through its mass in the ventromedial cul- 
de-sac, and it forms part of the lacrimal pool in the medial can- 
thus. In birds, the nictitating membrane is nearly transparent, 
and its movement is under direct muscular control. 

In the dog, the upper eyelid, which contains the cilia or eye- 
lashes, is more movable than the lower. When the eyelids are 
closed, most of the ambient light is prevented from entering the 
eyes. The frequency of blinking in a dog eye is approximately 
3 to 5 times per minute, and a blink in one eye is accompanied 
by a blink in the other approximately 85% of the time. It is not 
unusual for a restrained dog to blink 10 to 20 times per minute. 
Another study indicated mean canine blink rates of 12.4 per 
minute are normal, with approximately 66% of these blinks 
being incomplete.' Eyelid closure is mediated by the efferent 
fibers of the facial nerve (CN VII). The oculomotor (CN IID) 
innervates the levator palpebral superioris, and the facial 
nerves innervate the corrugator supercilii, which are responsi- 
ble for opening the eyelids. The three eyelid reflexes are 
divided into the corneal, palpebral, and menace (Table 3.1). In 
general, carnivores are born with their eyelids fused, the eye- 
lids opening between 10 and 14 days of age. The eyelids of 
herbivores, however, are usually open at birth. 

In the cat, both eyelids lack cilia. Complete blinks are 
infrequent, occurring at a rate of approximately 1 to 5 every 
5 minutes. The lids of both eyes blink together approximately 
70% of the time. The eyelids of pigmented cats allow no more 
than 5% of light at longer wavelengths to be transmitted. Kit- 
tens normally open their eyelids between 10 and 15 days of 
age; however, both eyes do not always open on the same day.” 
The nictitating membrane of the feline species is large and 
more active and may passively cover part of the cornea or be 
drawn, as during excitement, into the medial canthus. The 
nictitans can extend at least two thirds of the way across the 
cornea. The smooth muscle that draws the membrane into 
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Table 3.1 Eyelid Reflexes 
Cornea Palpebral Menace? ] 
Stimulus Tactile Tactile Menacing 
gesture 
Receptors Somesthetic Somesthetic Cones, 
Rods 
Afferent Ophthalmic and Trigeminal Optic nerve 
pathway maxillary branch nerve 
of trigeminal 
nerve 
Efferent Facial nerve Facial nerve Facial 
pathway nerve 
Effectors Eyelid muscles Eyelid Eyelid 
muscles muscles 
Response Blink Blink Blink 


Le 


alf sufficient cortex of one cerebral hemisphere is damaged, the menace 
reaction cannot be elicited in the contralateral eye of the dog. Pathology 
of the cerebellar cortex can also affect the menace reaction. 


the medial canthus is innervated exclusively by postganglionic 
adrenergic sympathetic nerve fibers with cell bodies located in 
the anterior cervical ganglion. Their axons follow the oculo- 
motor nerve. Normally, the nictitans show no spontaneous 
activity, because the smooth muscle lacks tight junctions like 
that of the visceral smooth muscle. Each muscle cell is inner- 
vated by one or more axons, thus substantiating that activation 
of the smooth muscle in the nictitating membrane is neuro- 
genic and that the myogenic conduction normally found in 
visceral smooth muscles does not occur. The muscle appears 
to be insensitive to stretch. The endings are adrenergic, but the 
muscle responds to the administration of acetylcholine and 
histamine. The cat is the only common domestic animal with 
an appreciable number of muscle fibers in the nictitating 
membrane, which in this species permits approximately 10% 
of applied light to pass.* In all animals, if the globe is retracted 
by the retractor bulbi muscles or decreases in size, the mem- 
brane passively begins to cover the eye. In the case of globe 
retraction, this may be partially caused by the globe displacing 
the orbital fat forward. 

In the horse, the cilia are long and numerous on the upper 
eyelid, except near the medial canthus. The frequency of 
blinking varies from 5 to 25 times per minute, and approxi- 
mately 30% of blinks are accompanied by a blink in the con- 
tralateral eye. Long tactile hairs, or vibrissae, occur on both 
the dorsal brow and lower eyelid. The vibrissae are long, 
stout, single shafts of hair that are usually thicker than adja- 
cent skin hair; they may provide additional sensation for the 
eyelids. 

In cattle, sheep, and pigs, the upper eyelid is the most 
mobile, and the majority of cilia are present on the upper eyelid. 
Pigs and some ruminants have a deeper structure, the Harder’s 
gland, in addition to the superficial gland of the nictitating 
membrane. Its function, however, is unknown. In the pig, the 


meibomian glands are poorly developed, and the main eyelid 
glands are sweat glands. The frequency of blinking is approxi- 
mately 5 times per minute in cattle, and approximately 60% of 
the time, both eyes blink together. The pig blinks approximately 
10 times per minute; 90% of blinks are bilateral.’ 

In birds, the lower eyelid is larger and more movable than the 
upper eyelid. There are no feathers corresponding to eyelashes 
on the lids, but there are feathers corresponding to eyebrows. 
Chicks are hatched with their eyes open. The avian nictitating 
membrane, which is much more translucent than that in other 
domestic animals, replaces the eyelids for blinking. Two 
muscles extraneous to the lid pull the nictitating membrane over 
the entire anterior segment as many as 15 to 20 times per minute, 
even with the other eyelids closed. The nictitans also contain a 
superficial tear gland, and some species have a deeper Harder’s 
gland. 


Tear Production and Drainage 


Both the optical and normal function of the cornea with its 
hydrophobic epithelium depend on the integrity of the lacrimal 
system. The preocular tear film maintains an optically uniform 
corneal surface by smoothing out minor irregularities, remoy- 
ing foreign matter from the cornea and conjunctiva, lubricating 
the conjunctiva and cornea, providing nutrients to the avascular 
cornea, and in some species, “controlling” the local bacterial 
flora. The preocular film also undergoes constant evaporation 
and formation of transient “dry spots.” Hence, the rate of tear 
evaporation appears to be directly related to the rate of blink- 
ing, because ideally, the rate of blinking is much faster than the 
development of these dry spots. 

In all species studied, the preocular tear film can be divided 
into three layers. The outer layer (~0.1 um) is a very thin, oily 
layer, consisting of waxy and cholesterol esters as well as 
polar and neutral lipids. The lipids in humans include unsatu- 
rated and branched-chain fatty acids and alcohols, 8 to 32 
carbon chains in length. This outer layer prevents evaporation 
of the underlying layers and overflow of tear film onto the 
eyelids and is produced by sebaceous glands (i.e., tarsal and 
meibomian gland) of the eyelids. These glands undergo 
holocrine secretion (release of the entire cell and its contents). 
Androgens as well as neurotransmitters may be involved in 
the regulation of meibomian gland secretion. Androgen recep- 
tor mRNA and protein have been isolated from rat, rabbit, and 
human meibomian acinar epithelial cells. Additionally, the 
neuropeptides calcitonin gene-related peptide, substance P, 
neuropeptide Y, and vasoactive intestinal peptide have been 
identified in association with meibomian glands in humans 
and guinea pigs.’ The middle aqueous layer (~7 um) is the 
thickest (>60%) and performs the primary functions of the 
tear film. This layer consists of approximately 98% water and 
approximately 2% solids, made up predominantly of proteins. 
The aqueous layer contains inorganic salts, glucose, urea, 
proteins, glycoproteins, and biopolymers. The lacrimal gland, 
superficial gland of the nictitating membrane, Harderian 
gland, and accessory lacrimal glands in the conjunctiva all 
contribute to its formation. Destruction or excision of the 


lacrimal gland or third eyelid gland will result in a variable 
amount of reduction in aqueous tear production.” The aque- 
ous tear layer is evaluated clinically through use of the 
Schirmer tear test.”!? Topical anesthetics anticholinergics 
(e.g., atropine sulfate), preanesthetics (e.g., acetylpromazine 
maleate-ketamine HCl), and general anesthesia can induce 
short-term reduction in the aqueous tear estimates as derived 
through the Schirmer tear test.?!3=15 

The deep, or mucin, layer (~0.02—0.05 um) is composed of 
tear mucins produced by the apocrine conjunctival goblet cells 
as well as an underlying glycocalyx that is associated with the 
corneal and conjunctival microvilli. The distribution of human 
and canine goblet cells has been shown to be similar, with 
densities being highest in the lower nasal and middle fornices 
but essentially absent from bulbar areas adjacent to the 
cornea.!° The deep gland, or Harderian gland, of the nictitans 
may also contribute to this layer. Mucin may be produced by 
goblet cells in response to mechanical, immune, histamine, 
antigenic, or (direct or indirect) neural stimulation.” The 
mucin layer contains glycoproteins, which are carbohy- 
drate-protein complexes characterized by the presence of 
hexosamines, hexoses, and sialic acid. These glycoproteins 
play a critical role in lubricating the corneal surface, thus 
making its hydrophobic surface more hydrophilic (to permit 
spreading), and in stabilizing the preocular film.'* At least two 
secreted mucins and two membrane-bound mucins have been 
identified in the normal canine ocular mucus layer. The 
mucin layer as well as the integrity of the outermost layer of 
corneal epithelium are necessary for retention of the tear film 
on the cornea.” The deep layer ensures stability of the tear 
film by lowering its surface tension and permitting the spread 
of tear film after blinking. Clinical estimation of the rate of 
evaporation (and, indirectly, of the mucus component of the 
preocular film) is performed through determining the time (in 
seconds) for the “tear film breakup.) 

Tears are a clear and slightly alkaline solution, with an 
average pH of 7.5.? In humans, bovines, and the rabbit, the 
tear electrolyte concentration is similar to that in plasma, 
except for potassium, which is three to six times more abun- 
dant in tears, thus indicating an active transport mecha- 
nism.’ The glucose concentration is lower in human tears 
than in plasma, but its level corresponds with that in plasma, 
thereby allowing a crude means of evaluating blood glucose 
levels by placing a calorimetric paper test strip (Glucostix, 
Bayer, Elkhart, IN) in the conjunctival cul-de-sac. This proce- 
dure provides a semiquantitative method for determining 
hyperglycemia.” In human patients with diabetes, the ele- 
vated glucose levels in tears appear to result from the tissue 
fluids, not from the lacrimal gland secretions.” 

The precorneal tear film contains both nonspecific and spe- 
cific antimicrobial substances. Nonspecific substances include 
lysozyme, lactoferrin, a-lysine, and complement. Specific 
antimicrobial substances include secretory immunoglobulins 
A, G, and M. Protein levels in canine tears average 0.35 g/dL, 
with 93% globulin, 4% albumin, and 3% lysozyme, which is a 
ubiquitous antibacterial enzyme that hydrolyzes bacterial cell 
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walls.” Lysozyme is produced by the conjunctival goblet cells 
and has antibacterial and antifungal properties. Its levels are 
increased in conjunctivitis.” Relative to humans and nonhu- 
man primates, domestic animals have very low levels of 
lysozyme (e.g., the horse has one half to one fourth that of 
human tears), and the cat has none.'*??-*! Lysozyme activity 
has not been detected in cattle, but it has been detected in sheep 
and goats.”°. Lactoferrin has been identified in the tear film of 
humans, cattle, and other mammals, and it reversibly binds the 
iron, which is available for bacterial metabolism and growth. 
Immunoglobulin A contributes to ocular defense by coating 
bacterial and viral microorganisms, leading to agglutination, 
neutralization, and lysis. Immunoglobulin A is present in 
greater concentrations in the tear film than are immunoglobu- 
lins G and M.’ 

The lacrimal nerve, which is a branch of the trigeminal 
nerve, is mainly sensory, but it also provides the lacrimal 
gland with its parasympathetic and sympathetic fibers.**?? 
Both adrenergic and cholinergic distribution patterns around 
the acini and blood vessels of the canine lacrimal gland are 
similar; however, the cholinergic fibers appear to be greater in 
number than the adrenergic fibers.** The acinar cells are pri- 
marily responsible for secretion of proteins in lacrimal gland 
fluid. These proteins are synthesized in the endoplasmic retic- 
ulum, modified in the Golgi apparatus, and stored in secretory 
granules. Stimulation of the cholinergic and adrenergic fibers 
in the lacrimal gland causes release of these proteins into the 
lacrimal fluid. This process requires a series of separate cellu- 
lar pathways that use secondary messengers and is controlled 
by a process called signal transduction. 

Four types of tears are reported in humans: 


1. Psychogenic tears, or tears of emotion; 

Continuous (or “basal”) tears, which are needed for nor- 

mally functioning preocular and tear film; 

3. Reflex tears, which are produced by exposure of the eye 
to light, cold, wind, or other irritants; and 

4. Tears induced by drugs directly stimulating the glands. 


N 


Animals probably have all these types except psychogenic 
tears. Lacrimation is stimulated by painful irritants, eye diseases, 
mechanical or olfactory stimuli of the nasal mucous membranes, 
and sinus diseases. Human patients with keratoconjunctivitis 
sicca are deficient in both basal and reflex tears, with lower con- 
centrations of lysozyme and lactoferrin compared with persons 
with healthy eyes.*>?° Clinical estimation of the total and basal 
aqueous portions of tear formation in the dog and cat is made 
using the Schirmer I tear test with the test strip positioned in the 
middle of the inferior conjunctival fornix for 1 minute.*”°8 
Attempts to determine basal levels of tear formation use the 
Schirmer II tear test, with the external ocular surfaces anes- 
thetized and the lower conjunctival fornix dried by Dacron 
swabs. Basal tear levels in the dog and cat are approximately 
50% of the total tear formation in those species.77* 

The nasolacrimal drainage system eliminates used tear film 
and any excessive tears. Preocular tear film accumulates along 
the palpebral margin of each eyelid and is forced by blinking 
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to move medially into the lacrimal puncta. When the tears are 
in the lacrimal pool and the facial muscles relax, the tears flow 
into the canaliculi by capillary action. Normal breathing 
movements also facilitate this flow into the canaliculi. Reflex 
blinking of the eyelids closes the lacrimal sac, which acts as a 
pump. Pseudoperistaltic motion of the nasolacrimal duct 
allows movement of the tears into the nasal cavity.’ Similar 
studies have not been reported in domestic animals, but 
autoregulation of the lacrimal system with receptors in the 
excretory portion has been suggested in studies of human tear 
flow.°*° Evaluation of canalicular function in humans suggests 
that destruction of either canaliculus alone does not affect 
excretion of tears; in domestic animals, the lower canaliculus 
seems to be the most important for tear drainage.*? 


Cornea 


The sensitivity of the cornea is a major factor in protecting the 
eye. Rapid blink and retraction of the globe with prolapse of 
the nictitating membrane are fundamental reflexes when the 
cornea is touched or irritated. During extreme pain, the reflex 
is exaggerated, and blepharospasm sometimes occurs to the 
extent that the lids cannot be opened voluntarily. Corneal sen- 
sitivity may vary by species, area of the cornea, and in the dog, 
by skull types. Corneal sensitivity in dogs, as measured by the 
Cochet-Bonnet esthesiometer and histology of the corneal 
nerves, indicated corneal sensitivity was highest in the 
dolichocephalic skull types and lowest in the brachycephalic 
types.*' Corneal sensitivity in the mesaticephalic skull types 
was intermediate. Corneal sensitivity was greatest peripher- 
ally and was lower centrally. Sensory innervation to the 
cornea is provided via the ophthalmic branch of the trigeminal 
nerve. The nerves are myelinated at the corneal periphery, and 
they lose their myelin as they traverse into the central portion. 
The nerves overlap extensively in the cornea so that stimula- 
tion at one point excites many afferent fibers. Corneal innerva- 
tion arises from the corneal limbal plexus, which comprises a 
0.8-mm to 1-mm wide, ringlike band surrounding the periph- 
eral cornea. Morphologically, this plexus may be further sub- 
divided into a predominantly perivascular, outer, periscleral 
zone and a denser and more highly branched inner, pericorneal 
zone. Stromal innervation originates as 14 to 18 prominent, 
radially directed stromal bundles, distributed at regular inter- 
vals around the limbus. Each bundle contains approximately 
30 to 40 axons, which undergo repetitive dichotomous 
branching to form the axonal trees that innervate the entire 
cornea. Nerve fibers entering the basal epithelial layer 
form unique, preterminal arborizations known as “epithelial 
leashes,” which exhibit a highly ordered distribution and give 
rise to a profusion of smaller, ascending branches.*” Hence, 
superficial corneal ulcers are often more painful than deep 
corneal ulcerations. 

The somatosensory sensations of pressure, cold, and 
warmth are not documented fully in the cornea, but touch and 
pain receptors exist. The sensory fibers of the cornea exhibit an 
“axon reflex” that, when stimulated, results in miosis, hyper- 
emia, ocular hypertension, and increased protein levels in the 


aqueous humor. The humoral mediators appear to be 
prostaglandins, histamine, and acetylcholine.“ Substance P, 
a peptide neurotransmitter, is located in approximately 20% of 
the nerve cell bodies, which is a minor proportion of the sen- 
sory nerve supply to the cornea. This neurotransmitter does not 
appear to be involved with nociception in the cornea, but it may 
act as a neurogenic mediator of inflammatory responses.*34 
This reflex is responsible for the clinical signs of anterior 
uveitis associated with painful conditions of the cornea, con- 
junctiva, and eyelids. 6-Adrenergic receptors have been iso- 
lated on the corneal epithelial cells that appear to be activators 
of cyclic nucleotides, thus turning on the enzyme system 
within the epithelial cells. Levels of nerve growth factor 
(NGF) have been demonstrated to be elevated in the cornea 
and precorneal tear film following corneal epithelial wounding 
in dogs; however, topical application of NGF failed to modu- 
late corneal wound healing in the normal dog eye.*° 

With the sclera, the cornea maintains the shape of the globe 
and the intraocular pressure (IOP). The health of the cornea is 
influenced by the preocular film, aqueous humor, IOP, and 
eyelids. Problems in any one of these can cause corneal dis- 
ease that results in loss of transparency and therefore loss of 
vision. 

Because the cornea is the most powerful refractive surface of 
the eye, it must remain transparent. The approximately six- 
cell-thick corneal epithelial layer absorbs some short-wave- 
length light, but it permits the transmission of most light in the 
visible spectrum. Its transparency depends on its relative acellar- 
ity, absence of blood vessels, state of relative dehydration, 
arrangement of stromal collagen fibrils, and extracellular matrix. 
Quiescent fibroblasts in normal corneal tissue contribute to opti- 
cal clarity by producing nearly transparent lens crystallinelike 
proteins. Synthesis of these proteins drops dramatically follow- 
ing injury, coinciding with increased reflectance, and does not 
increase again until several weeks following injury when the 
scar is remodeling and the haze is improving." 

The aqueous humor, limbal capillaries, and tears furnish the 
metabolic needs of the avascular cornea. To maintain a state of 
relative dehydration, the cornea requires energy in the form 
of adenosine triphosphate (ATP), which is generated by 
the breakdown of glucose (furnished mainly by the aqueous 
humor). The corneal epithelium obtains oxygen for aerobic 
glycolysis from the preocular tear film (at the rate of 
3.54.0 uL/cm per hour in humans). The endothelium and ker- 
atocytes in the deep stroma receive their oxygen from the aque- 
ous humor. Glucose is supplied by the limbal capillaries and 
the tears. The corneal epithelium obtains most of its glucose 
from the stroma and converts it to glucose-6-phosphate, after 
which 85% is metabolized into pyruvate via the glycolytic 
pathway. Most of this pyruvate is then metabolized into lactic 
acid, but some is diverted into the citric acid cycle to produce 
ATP. Glucose is stored in the corneal epithelium as glycogen, 
which can be used for energy under stressful conditions (e.g., 
trauma and surgical wounds). If glycogen stores are depleted, 
normal healing of the epithelium and cellular locomotion over 
the surface is inhibited.** In the absence of oxygen, as when the 
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Figure 3.1. Metabolism of glucose in the cornea and lens. Tricarboxylic acid (TCA) cycle: coupled to electron transport and oxidative phosphorylation for 
the production of ATP. Pentose phosphate shunt: hexoses are converted to pentose for use in nucleic acid synthesis and generation of nicotinamide-adenine 
dinucleotide phosphate (NADPH). FK, fructokinase; G/-6-PO,DH, glucose-6-phosphate dehydrogenase; HK, hexokinase; LDH, lactic dehydrogenase; PDH, 


polyol dehydrogenase; PFK, phosphofructokinase; PI, phosphohexoisomerase. 


eyelids are closed, energy is provided through anaerobic gly- 
colysis. If excessive lactic acid is produced by this process, 
corneal hydration occurs.4?*? The remainder of the glucose 
use within the corneal epithelium is also metabolized via the 
pentose phosphate shunt, which produces nicotinamide-ade- 
nine dinucleotide phosphate (NADPH), an important resource 
for free radical control (Fig. 3.1). Other metabolites from this 
pathway are ribose-S-phosphate (ribose-P) and reduced 
triphosphate-pyridine nucleotide. Ribose-P is used in nucleic 
acid synthesis of DNA or RNA, whereas triphosphate-pyridine 
nucleotide is used by the corneal epithelium for synthesis of 
lipids.°° The metabolic needs of the keratocytes are limited, 
and they relate to maintenance of the collagen fibrils and gly- 
cosaminoglycans (GAGs) within the stroma. The corneal 
endothelium has large glucose needs (approximately five times 
that of the epithelium) to sustain its pump mechanism. Its 
metabolic pathway is mainly anaerobic glycolysis, with the cit- 
ric acid and pentose phosphate pathways also being significant. 


The state of relative corneal dehydration or deturgescence 
depends on many factors. Anatomic integrity of the epithe- 
lium and endothelium provide two-way, physical barriers 
against the influx of tears and aqueous humor. Loss of the 
corneal epithelium results in a 200% increase of corneal thick- 
ness because of hydration; loss of the endothelium results in a 
500% increase of corneal thickness." Following eyelid open- 
ing in the canine, there is an initial decrease in corneal thick- 
ness until approximately 6 weeks of age, which presumably 
mirrors maturation of corneal endothelial function. After 
6 weeks, the corneal thickness increases with age until 
approximately 30 weeks.°? Osmotic forces between the tears, 
aqueous humor, and corneal stroma probably affect corneal 
hydration, but the exact mechanism is unknown. The role of 
electrolyte concentration is also unknown. Cation concentra- 
tion of the cornea is regulated by Na*,K*-ATPase located in 
the epithelium and endothelium. If this enzyme is inhibited by 
either drugs (e.g., Quabain) or the lack of energy, the cornea 
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Figure 3.2. A. Cross-section of the corneal fibrils arranged in a lattice formation. Forces of repulsion between the fibrils are shown schematically, and a 
representative wavelength is shown below for comparison. B. Swelling of the cornea and disorder in the rows of fibrils consequent to weakening of the forces 
of alignment from the neighboring rows. This causes the bluish color of corneal edema. (Modified with permission from Maurice DM. The physics of corneal 
transparency. In: Duke-Elder S, ed. Transparency of the Cornea. Oxford: Blackwell Scientific Publications, 1960.) 


becomes overhydrated. Evaporation of the preocular tear film 
results in hypertonicity of the tear film, causing water to flow 
out of the cornea and into the tear film. There is a net flux of 
water and ions toward the epithelium and tears. Increased IOP 
causes corneal edema, which is reversible if the pressure is 
returned to normal. This phenomenon may be caused by 
influx of aqueous humor, loss of endothelial function, disrup- 
tion of the collagen arrangement by stretching, or some com- 
bination of these. 

Collagen fibrils with 64-mm to 66-mm periodicity, along 
with glycoproteins and GAGs, make up 20% to 25% of the 


corneal stroma and act as a supporting structure. The remain- 
ing corneal stroma contains between 75% and 80% water. The 
uniform-thickness collagen fibrils are arranged in parallel 
lamellae running at oblique angles to each other, and they are 
separated by less than a wavelength of light (Fig. 3.2).°! This 
parallel arrangement of the corneal collagen fibers extends 
from the center of the cornea to its periphery, where the fibrils 
develop a concentric configuration to form a “weave” at the 
limbus, which in turn provides strength and helps to maintain 
its curvature. Corneal collagen is similar to collagen from 
other sources, which has a high concentration of glycine, 


i 


proline, and hydroxyproline. In the human cornea, several 
types of collagen have been reported, including types I and VI 
(Bowman’s layer); I (50-55%), II (1-2%), V (10%), and VI 
(stroma); and V, VIII, IX, and XH (Descemet’s membrane). 
The predominant corneal GAGs consist of keratin sulfate. In 
the central cornea of humans is also a nonsulfated chondroitin 
sulfate; in the peripheral cornea are chondroitin-4-sulfate and 
dermatan sulfate. The central cornea of humans contains no 
hyaluronic acid (HA), except at the limbus. These GAGs fill 
the interfibrillar or interstitial spaces of the stroma and attach 
to the collagen fibrils or proteins of the cornea. The regular 
arrangement of collagen and the GAG concentration differ in 
the cornea and sclera, thus allowing one to be transparent and 
the other to be opaque. The GAGs act as anions binding 
cations and water. These substances appear to be responsible 
for maintaining the regular arrangement of the collagen fibrils 
by controlling distribution of water in the stroma.’ Corneal 
keratin sulfate, which differs from keratin sulfate found in 
cartilages by the length of the polymer, degree of branching, 
and an O-glycosidic linkage with either serine or threonine, 
absorbs two to three times as much water as chondroitin 
sulfate, but once water is absorbed by the chondroitin sulfate, 
it is retained eight to nine times better than by keratin sulfate. 
Keratin sulfate is concentrated near the posterior cornea near 
the endothelium, where it facilitates movement of water from 
the aqueous humor into the cornea.** Spontaneous chronic 
corneal epithelial defects (SCCED) in the canine have been 
shown to be associated with altered basement membrane 
structure and physiology. Affected corneas display epithelial 
dysmaturation, inflammatory stromal infiltrates, and the pres- 
ence of a PAS-positive acellular zone composed of collagen.*° 


Drug Transport through the Cornea, Limbus, 
and Bulbar Conjunctiva 


Movement of substances through the cornea, limbus, and bul- 
bar conjunctiva is important clinically because of the frequent 
use of topical ophthalmic medications. After passage through 
the preocular (precorneal film), the corneal epithelium presents 
areasonable barrier to the passage of most compounds because 
of the extensive close contacts and junctional complexes 
between the corneal basal cells. True zonula occludens—type 
(i.e., tight) junctions have not been reported in the corneal 
epithelial cells. 

The most important characteristic of the topically applied 
drug is its solubility. To pass through an intact cornea that con- 
sists of an outer lipid layer (i.e., the epithelium), a middle aque- 
ous layer (i.e., the stroma), and an inner lipid layer (i.e., the 
endothelium), the drug must possess both lipophilic and 
hydrophilic properties. Drugs having both polar (i.e., water- 
soluble) and nonpolar (i.e., lipid-soluble) forms, such as chlo- 
ramphenicol and alkaloids, penetrate the cornea well. Because 
the cornea is the path of least resistance for the passage of a 
drug, some evidence indicates a drug may enter the globe 
through the sclera with a loss of integrity or when a continuous 
high concentration of a drug is applied to the bulbar conjunc- 
tiva.°’ Polar compounds (e.g., fluorescein) penetrate the cornea 
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well only if the epithelium is absent, as in corneal ulceration. 
The size of the molecule, concentration of the drug, pH of the 
drug, and the drug’s or formulation’s ability to reduce surface 
tension also affect corneal penetration.** Recent studies have 
also concluded that the conjunctival/scleral route can be an 
effective route for drugs to enter the iris and ciliary body.°° 
Excellent reviews of the permeability of the cornea to topically 
applied drugs have been published elsewhere.°?*! 


IRIS AND PUPIL 


The iris muscles consist of an antagonist constrictor (sphinc- 
ter) that encircles the pupil and radial dilator muscles. The 
sphincter muscle consists of an annular band of smooth 
muscles near the pupillary margin of the iris that derive from 
mesodermal tissue. The dilator muscle consists of a series of 
myoepithelial cells that stretch from near the pupillary margin 
to the base of the iris and are contiguous posteriorly with the 
outer pigmented ciliary body epithelium. Pupil size varies on 
the basis of the balance between these two muscle groups. The 
constrictor muscle, which is the stronger of the two, is inner- 
vated by the oculomotor nerve (CN III) and provides prima- 
rily parasympathetic control; the dilator muscles are 
innervated by primarily sympathetic nerves. The constrictor 
muscles cause miosis, and the dilator muscles are responsible 
for mydriasis. Bright light decreases pupil size. 

The sympathetic activity in the iridal dilator muscle and 
ciliary body musculature (discussed later) may be mediated 
by a combination of B-receptors (B, and B,) and w-receptors 
(a, and a,). The w,-receptors are responsible for cardiostimu- 
lation, and the a,-receptors elicit bronchodilation, vasodila- 
tion in the skeletal muscles, and uterine contractions. The 
B -receptors generally mediate excitatory responses, except in 
the intestines. The B,-receptors are thought to be located, at 
least in part, in the presynthetic nerve terminals. Species dif- 
ferences of the a- and B-receptors have been demonstrated 
among humans, the rabbit, nonhuman primates, the cat, and 
the dog, and they are summarized in Table 3.2.°°*° The ocular 
effects of these B- and o-receptors on the human eye are sum- 
marized in Table 3.3.° 


Table 3.2 Adrenergic Receptors in the Iris and Ciliary Body 


Species Iris Sphincter Iris Dilator Ciliary Muscles 
Human œand ß equally Mainly a, very Mainly B, 
few or no B very few o 

Rabbit Mainly B, fewo  Mainlyo,fewB Mainly œ, fewB 
Monkey Mainly œ, Mainly œ, fewB Only B, now 

perhaps ß 
Cat Mainly B, Mainly a, some B Mainly 

some & B, some a 
Dog oand B oa and B ? 
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Table 3.3 Effector Sites and Receptor Types in Humans 


Eye Tissue Receptor Type(s) Response 
Iris dilator a, Contraction (mydriasis) 
Ciliary body B Relaxation 
muscles 
Aqueous humor Ba Increased outflow; 
increase formation 
a Slight decrease 
Conjunctival a Vasoconstriction 
blood vessels Bo Vasodilation 
Müllers muscle a Contraction 
(lid retraction) 
E 


Table 3.4 Components of the Pupillary Light Reflex 


Stimulus Illumination of the Retina 

Receptors Photoreceptors (rods and cones) 

Afferent pathway Optic nerve-optic tract to pretectal area 
(ipsi- and contralateral via posterior 
commissure) 

Efferent pathway Pretectal area to anteromedian nuclei (dog) 
(ipsi- and contralateral), which is rostal to the 
Edinger-Westphal nuclei, and then 
parasympathetic fibers to ciliary ganglion (via 
CN III) 

Postganglionic fibers to the iris 

Effector Sphincter muscle of the iris 

Response Miosis (constriction of the pupil, both direct 
and consensual reflex) 


Components of the pupillary light reflex are listed in 
Table 3.4. Most synapses in the ciliary ganglion are involved in 
relaying impulses that result in accommodation; the remainder 
are concerned with constriction of the pupil. Morphine acts on 
subcortical cells (i.e., oculomotor nuclear complex) to cause 
constriction of the canine pupil” and dilation of the feline 
pupil because of the release of catecholamines from the adre- 
nal glands.’* Endogenous prostaglandin F,, appears to be 
involved in maintaining muscle tone in the sphincter muscle of 
the iris. Prostaglandins most likely act directly on these 
muscles, and they appear to act to a lesser extent on the dilator 
muscles of the canine iris.” Several biologically active pep- 
tides have been isolated in the nerve supply of the intraocular 
muscles. Neuropeptide Y, a 36-amino-acid peptide, is found in 
the terminal vesicles of sympathetic neurons and co-stored 
with norepinephrine. It appears that neuropeptide Y has a mod- 
ulatory role on the iris dilator muscles of the eye that enhances 
adrenergic-induced contractions of these vessels. By itself, 
however, neuropeptide Y does not have any potent contractile 
qualities.” 


Horner’s syndrome results from sympathetic denervation 
of the iris dilator muscle and denervation of the tarsal and 
orbital muscles. The clinical signs are miosis, ptosis, and 
enophthalmos, with passive protrusion of the nictitating mem- 
brane.” The iris dilator muscle becomes hypersensitive to 
catecholamines after the muscle has been denervated, via the 
phenomenon of denervation hypersensitivity. Thus, an injec- 
tion or instillation in the eye of a relatively small amount of 
epinephrine causes mydriasis in animals with Horner’s syn- 
drome. Hypersensitivity is greater in postganglionic denerva- 
tion than in preganglionic denervation. 

Absence of a light stimulus to the retina most likely does 
not initiate an active reflex response leading to pupillary dila- 
tion. Some of the stimuli for pupil dilation (i.e., mydriasis) are 
sudden body pain, asphyxia, and anxiety. Pupillary dilation 
can be produced by stimulation of sympathetic fibers (e.g., 
startle reflex) or by inhibition of the parasympathetic outflow 
from the ventral tegmental area and anteromedian nucleus, the 
rostral extension of the Edinger-Westphal nucleus.’® Four 
pupillodilator pathways have been identified in the brain stem 
of the cat: 


1. A descending excitatory pathway from the hypothalamus, 
which projects to the intermediolateral cell column 
(C8-T2); 

2. A descending inhibitory pathway from the hypothalamus, 
which projects to the Edinger-Westphal nucleus; 

3. An ascending inhibitory pathway from the reticular forma- 
tion, which projects to the Edinger-Westphal nucleus; and 

4, An ascending inhibitory pathway from the dorsal horn, 
which projects to the Edinger-Westphal nucleus (Fig. 3.3).”” 


Pupillary functions include regulating light entering the 
posterior segment of the eye, increasing the depth of focus for 
near vision, and minimizing optical aberrations by the lens. 
Local irritation (e.g., contusion or corneal abrasion) results in 
conjunctival and iridal hyperemia, increased levels of proteins 
in the aqueous humor, increased and later decreased IOP, and 
miosis. The neural pathways and humoral mediators are 
unknown, but axonal reflexes have been suggested (discussed 
previously). 

Iridal color and pupil size vary widely among species, and 
the irides of the young are often a different color than those of 
the adult. Iris color, or the amount of melanin, may influence the 
effects of many drugs.” In domesticated cats, the constricted 
pupil is a vertical slit, whereas in the larger, wild felidae, it is 
circular. On dilation, the vertical sides of the domestic feline 
pupil expand to produce a circular pupil. The constrictor muscle 
fibers are vertically oriented, and the dilator fibers are absent at 
the dorsal and ventral parts of the pupil. Because the central iris 
rests against the axial lens, the lens pushes the iris forward dur- 
ing accommodation. 

In young horses, the pupil is more circular than in adults. 
Under illumination, the ends of the oval pupil of mature 
horses do not constrict as the dorsal and ventral borders do. In 
bright daylight, the superior granula iridica occludes the cen- 
tral pupillary opening, resulting in two apertures and assisting 
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Figure 3.3. Pupillomotor pathways. 1. A descending, excitatory multisynaptic pathway leaving the hypothalamus and projecting through the sympathetic 
nervous system. 2. A descending, inhibitory multisynaptic pathway leaving the hypothalamus and projecting to the Edinger-Westphal nucleus. (or anterome- 
dian nuclei) 3. An ascending, inhibitory system leaving the reticular formation and projecting to the Edinger-Westphal nucleus. (or anteromedian nuclei) 4. An 
ascending, inhibitory system leaving the dorsal horn and projecting to the Edinger-Westphal nucleus. (or anteromedian nuclei) (Modified with permission 
from Loewy AD, Araujo JC, Kerr FW. Pupillodilator pathways in the brain stem of the cat: Anatomical and electrophysiological identification of a central auto- 


nomic pathway. Brain Res 1973;60:65.) 


with focusing through the creation of a Scheiner’s disc 
phenomenon.” With very low illumination or administration 
of a mydriatic, the dorsal and ventral borders of the pupil 
dilate, thereby forming a circular pupil. The pupil of a horse 
responds relatively sluggishly to a penlight stimulus and sel- 
dom closes fully. 

The avian pupil is circular and highly motile. The consensual 
pupillary reflex is usually absent (because of total decussation of 


nerve fibers at the optic chiasm), but occasionally, a strong beam 
of light may traverse the posterior ocular layers and the thin 
medial orbital bones to stimulate the opposite retina. The highly 
colored avian irides can be affected by diet. Because the 
constrictor and dilator muscles are mainly striated with varying 
amounts of nonstriated fibers, the pupil is not affected by 
traditional mydriatic agents, but it can be dilated by neuro- 
muscular blocking drugs. Those reported to be effective in 
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selected species of birds include cocaine (10% solution), 
followed by epinephrine, followed by gallamine triethiodide 
applied to the eye for three to four instillations at 5-minute inter- 
vals or by two to four drops of 3 mg of D-tubocurarine chloride 
powder dissolved in 1 mL of 0.025% benzalkonium chloride in 
pigeons and raptors, or vecuronium (two drops of 0.8 mg/mL to 
4 mg/mL solutions) in raptors.°”°°*! 


NUTRITION OF INTRAOCULAR TISSUES 


The provision of nutrition and the removal of waste products 
for intraocular tissues, while maintaining minimal interfer- 
ence with light transmission through the eye, is facilitated by 
two systems of blood vessels (i.e., retinal vessels, uveal ves- 
sels), the mechanism for formation of aqueous humor, and the 
vitreous body. Intraocular tissues lack a typical lymphatic sys- 
tem, and the uveal tract (i.e., iris, ciliary body, and choroid) 
assumes this function. 


OCULAR CIRCULATION 


The choroid, ciliary body, and iris are supplied by the uveal ves- 
sels. The outer parts of the retina in some animals (e.g., dogs, 
cats, ruminants, and pigs) and almost the entire retina in others 
(e.g., horses, chickens) are nourished by diffusion from the 
uveal vessels in the choroid. The inner part of the retina is sup- 
plied by retinal vessels in certain animals and by diffusion of 
nutrients from anterior uveal vessels through the vitreous. 
Blood vessels supplying the cornea and lens in the embryo dis- 
appear before birth or shortly thereafter, leaving the aqueous 
humor as the primary source of nutrients for the cornea and 
lens. Birds have a unique structure, the pecten, which is a heav- 
ily pigmented, highly vascularized, and usually fanlike struc- 
ture projecting from the optic nerve into the vitreous. A similar 
structure occurs in reptilian, called the vascular conus papil- 
laris. The function of the avian pecten oculi is not entirely 
known, but it may be an important source of nutrients to the 
inner retinal layers.*°*? The pecten may also control the intraoc- 
ular pH, which is affected by acidic retinal waste products.*? 


Ocular Blood Flow 


The vascular pressure promoting flow, the resistance of blood 
vessels, and the viscosity of the blood all influence the flow of 
blood through all tissues, including the eye. The pressure head 
for blood flow (i.e., perfusion pressure) is the difference in 
pressure between the arteries and the veins. In the eye, the IOP 
approximates the venous pressure, so the perfusion pressure is 
the difference in pressure between the small arteries entering 
the eye and the IOP.** Of clinical importance is that the perfu- 
sion pressure to the eye is reduced by lowering the blood pres- 
sure or raising the IOP, as occurs in the glaucomas. 


Anterior Uveal Blood Flow 


Of the total blood flow to the eye in humans, approximately 5% 
flows to the iris and 7% to the ciliary body. In most species, the 


major arterial circle of the iris is formed by the nasal and the 
temporal long posterior ciliary arteries. In humans and the 
rabbit, additional iridal blood flow occurs from the anterior cil- 
iary arteries from the extraocular muscles. Blood flow to the 
ciliary body in most species that have been studied is provided 
by iridal major arterial circle, branches of the anterior ciliary 
arteries, and branches of the long posterior ciliary arteries. The 
cat and nonhuman primate iris and ciliary body have autoregu- 
lation of their blood flow.* Carbon dioxide dilates the anterior 
uveal vessels, and sympathetic a-adrenergic receptors cause 
vasoconstriction in the anterior uvea., Parasympathetic mus- 
carinic receptors and prostaglandins, however, cause vasodi- 
latation. In addition, a sensory axon reflex causes vasodilatation 
in the anterior uvea with manipulation of the iris, mechanical or 
electrical stimulation of sensory nerves of the eye, and mechan- 
ical irritation of conjunctiva or cornea.* 

This reflex is responsible for the signs of anterior uveitis asso- 
ciated with corneal ulcers and other painful extraocular prob- 
lems. The same signs in the anterior uveal vessels in response to 
anterior chamber paracentesis and anterior segment infections 
appear to relate primarily to effects from prostaglandins.” The 
prostaglandins E, and F,, appear to cause a twofold to threefold 
increase in blood flow to the anterior uvea when applied 
topically.** 


Choroidal Blood Flow 


The outer layers of the retina (and the entire retina in some 
species) depend on choroidal blood flow for nutrients. In the 
animal species studied, most of the blood supply to the 
choroid is supplied by the short posterior ciliary arteries, but 
some of the peripheral choroid receives blood from the major 
arterial circle of the iris. The choroidal capillaries are fenes- 
trated and large (diameter, 15-50 um). These vessels are 
highly permeable and permit glucose, proteins, and other sub- 
stances of the blood to enter the choroid. Within the choroid, 
these proteins create a high osmotic pressure gradient that 
assists in removal of fluids from the retina. The choroidal 
blood supply appears to be quite compartmentalized, perhaps 
with a single large choroidal artery or short posterior ciliary 
artery as its sole supply. As a result, these “watershed zones” 
may be nonperfused, with marked elevations of IOP appear- 
ing in the dog as pyramidal-shaped areas of choroidal and reti- 
nal degenerations extending from the optic nerve head. 

The rate of uveal blood flow is rapid (1.2 mL/min in the 
cat),®? with a mean combined retinal and choroidal circulation 
time of 3 to 4 seconds.” In humans, 98% of the blood flow 
passes through the uveal tract, of which 85% is through the 
choroid. With this high rate of blood flow, oxygen extraction 
from each millimeter of blood is low (~5—10%). The oxygen 
content of choroidal venous blood is 95% of that in arterial 
blood. Reduced flow rates result in higher oxygen extraction, 
so that total extraction is reached. This protects the oxygen 
supply to the retina, and it also protects the eye from light- 
generated thermal damage. Choroidal vessels have little to no 
autoregulatory mechanism, but carbon dioxide is a potent 
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vasodilator of choroidal vessels.?'* Choroidal vessels are 
under the strong influence of sympathetic stimulation, which 
can result in a 60% reduction of choroidal blood flow. 
Parasympathetic fibers have been found in the choroid of mon- 
keys, but no studies concerning the relationship of these fibers 
to blood flow have been conducted. a-Adrenergic drugs cause 
vasoconstriction of choroidal vessels, but B-adrenergic drugs 
have no effect.?! In the rabbit, a- and B-adrenergic blockade 
cause choroidal vasodilation and vasoconstriction, respec- 
tively.” Nitric oxide appears to be a putative neurotransmitter 
of parasympathetic origin in the choroidal perivascular auto- 
nomic nerve fibers, and it may be an endothelium-derived 
vasoactive relaxing factor.” 


Retinal Blood Flow 


In humans, approximately 5% of the total blood flow is 
through the retina. In the cat, 20% of the oxygen consumed by 
the retina is delivered through the retinal circulation and the 
remainder through the choroidal circulation.®° Similar data are 
not available for other domestic animals. Blood flow in the 
innermost part of the retina is practically unaffected by mod- 
erate changes in perfusion pressure. The theoretic oxygen dif- 
fusion maximum of 143 um presents a physical problem for 
those animal species with avascular retinas; as a result, avas- 
cular retinas are usually very thin, with short photoreceptors, 
no tapetums, high glycogen levels in the Miiller cells, and no 
retinal taper. 

Autoregulation of retinal blood flow, which is almost per- 
fect in the cat, monkey, and pig, protects the retinal circulation 
from large variations in perfusion pressure.” Both metabolic 
and myogenous autoregulation are present in the eye. Meta- 
bolic control of retinal blood flow is similar to that of blood 
flow to the brain. In the brain, increased PO, and decreased 
PCO, cause vasoconstriction, and decreased PO, and increased 
PCO, cause vasodilatation. In the cat, maximum retinal 
vasodilatation occurs with an increased PCO, of 75 to 80 mm 
Hg, so as to increase flow from 15 to 50 mL/min.® In imma- 
ture eyes with developing blood vessels, high oxygen con- 
sumption may cause a syndrome known as retrolental 
fibroplasia. The increased oxygen causes vasoconstriction and 
inhibition of vascular development, with obliteration of ves- 
sels. After withdrawal of the increased oxygen, vasoprolifera- 
tion, retinal edema, and hemorrhages cause traction bands that 
result in retinal detachment. Neural control of retinal blood 
flow is limited to those vessels indirectly affecting retinal flow. 
Retinal vessels have a-adrenergic—binding sites that, when 
stimulated, cause vasoconstriction, thus increasing retinal vas- 
cular resistance.*°”” Retinal arteries most likely autoregulate 
through a myogenic mechanism, which is activated on the 
basis of stretch. During sympathetic stimulation, myogenic 
autoregulatory responses appear to increase.?’ Opening and 
closing of capillary beds in many tissues occurs with varying 
metabolic needs. Spontaneous contractions and dilatations of 
small retinal arterioles have been observed in kittens but are 
rare in adult cats.?! In general, it is believed that both choroidal 
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and retinal blood flow are constant through all capillary beds; 
however, regional blood flow in the retina decreases from the 
optic disc to the periphery.” In humans, blood flow to the nasal 
side of the retina is approximately three times less than that to 
the temporal side, but no significant difference has been noted 
between superior and inferior retina blood flow.” Autoregula- 
tion of the retinal and optic nerve in normal and glaucomatous 
eyes demonstrates some differences! 

Local regulation of the retinal and choroidal circulations 
apparently is controlled by several interrelated factors. The vas- 
cular endothelial cells may produce nitric oxide, endothelins, 
prostaglandins, and renin-angiotension products in response to 
chemical stimuli (e.g., acetylcholine, brachykinin), changes in 
blood pressure and blood vessel wall stress, changes in local 
oxygen levels, and other stimuli.!°! As the mechanisms of local 
autoregulation become better understood, pharmacologic 
modulation of these processes may become possible. 


Blood Flow of the Optic Nerve Head 


Blood flow of the optic nerve head in humans, the cat, and the 
rabbit possesses autoregulation over a wide range of IOPs 
(~30-75 mm Hg), but in humans, this autoregulation is most 
efficient when IOP is 6 to 30 mm Hg.!!°3 Blood supply to 
the optic nerve head is usually provided primarily by branches 
from the short posterior ciliary arteries. Studies of blood flow 
in the optic nerve head have been limited, however, by the 
small tissue mass involved. 

The optic nerve head is subjected to several different pres- 
sures as well as to the tissue stress at the level of the scleral lam- 
ina cribrosa. Axons from the retinal ganglion cells exit the eye 
under the effect of IOP, passing through the lamina scleral 
cribrosa at progressively decreasing tissue pressures to become 
the optic nerve. The retrolaminar pressure for these axons in the 
dog is approximately 7 mm Hg and relates directly to the cere- 
brospinal pressure.'™ Both short- and long-term elevations in 
IOP may also produce tissue changes within the lamina scleral 
cribrosa that may influence blood flow and axon vitality. With 
local ischemia, retinal excitatory endogenous neurotransmitters 
(e.g., glutamate, aspartate) may be released, thereby inducing 
toxic effects, especially on the retinal ganglion cells, and initiat- 
ing a cascade of cellular apoptosis. 


OCULAR BARRIERS 


The blood-ocular barriers contain endothelial and epithelial 
tight junctions with varying degrees of “leakiness.” These bar- 
riers prevent almost all protein movement and are effective 
against low-molecular-weight solutes such as fluorescein and 
sucrose. The complexities of these structures differ between 
the various vascular beds, which allows movement of some 
substances from one compartment to the other. 

The two barriers within the eye are the blood—tetinal barrier 
and the blood—aqueous barrier. Other lesser barriers of the eye 
exist as well. The corneal epithelium, though a significant bar- 
rier to most substances, lacks true zonula occludens-type (i.e., 
tight) junctions. The iris blood vessels have tight junctions but 
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lack fenestrations; nevertheless, they are relatively imperme- 
able to large molecules, as demonstrated by anterior segment 
fluorescein angiography. Permeability of the iridal vessels may 
be influenced by age and species differences.' 


Blood-Retinal Barrier 


The endothelial portion of the blood-retinal barrier is the 
endothelium of the retinal capillaries, is nonfenestrated, and 
has tight junctions preventing both inward and outward move- 
ment of materials. The epithelial portion of the blood—retinal 
barrier is the retinal pigment epithelium. This barrier separates 
the choroidal tissue fluid, which is similar to plasma, from the 
retinal tissue fluid. The most permeable point of the 
blood-retinal barrier is the optic nerve head, at which sub- 
stances from the choroid can pass into the nerve.!° The 
choroidal capillaries are highly permeable to and permit pas- 
sage of all low-molecular-weight compounds and proteins. 
Thus, nutrients from the choroidal blood supply pass readily 
into the retinal pigment epithelium, where mechanisms exist 
to pass them on into the retina. This high-protein permeability 
of the choroidal vessels also elevates osmotic pressure, which 
helps fluid to pass out of the retina. The retinal pigment 
epithelium probably has an active transport mechanism that 
contributes to the flow of fluid from the retina. 

No significant barrier exists between the aqueous humor 
and the vitreous body, or between the vitreous body and the 
retina. In the normal eye, passage of compounds into the ante- 
rior vitreous apparently occurs around the periphery of the 
lens, through the anterior vitreous face and hyaloideocapsular 
(Wieger’s) ligament that forms the caudal border of the poste- 
rior chamber. Lens removal, however, can increase the passage 
of selected drugs from the anterior chamber into the vitreous 
and retina. Hence, the blood—aqueous barrier is responsible for 
controlling the passage of substances from the anterior uveal 
vessels to the retina. 


Blood—Aqueous Barrier 


The blood-aqueous barrier depends primarily on the tight 
junctions between the nonpigmented ciliary body epithelium. 
The ciliary vessels are similar to choroidal vessels regarding 
high-protein permeability. The ciliary body blood vessels are 
highly fenestrated, and they leak most of their plasma compo- 
nents into the stroma. Fortunately, however, the epithelial por- 
tion of the blood—aqueous barrier is the inner, nonpigmented 
ciliary epithelium, which controls the flow of fluid into the 
posterior chamber. This barrier is not as effective as the retinal 
epithelial barrier, because protein passes into the aqueous 
humor by pinocytosis and through openings in the rest of the 
anterior uvea. No barrier is present between the aqueous 
humor and the vitreous humor, which allows the diffusion of 
solutes from the posterior aqueous into the vitreous humor, or 
between the anterior uvea and the sclera.'°’ The endothelial 
portion consists of tight junctions and contributes to the 
blood—-aqueous barrier iris vessels.!°° Because the anterior 
region of the iris does not have a continuous cellular layer, 
the extracellular space of this region is in contact with the 


aqueous humor. Diffusion of solutes across the iridal vascular 
endothelium is possible, but no data exist that indicate an 
active transport system.'°? The blood—aqueous barrier permits 
free passage of some substances from the aqueous humor into 
surrounding tissues and into the bloodstream.'°° Breakdown 
of the blood—aqueous barrier is seen clinically as an aqueous 
flare in anterior uveitis and secondary or plasmoid aqueous 
following loss of the aqueous humor, as in anterior chamber 
paracentesis. 

In 1957, prostaglandins were first identified in the aqueous 
humor and were termed irin. Prostaglandins are synthesized in 
large amounts from arachidonic acid released by esterified sites 
in membrane phospholipids after trauma, iridocyclitis, and 
intraocular surgery. Prostaglandins are thought to be primarily 
responsible for the blood—aqueous barrier breakdown following 
anterior chamber paracentesis.!!°!!! Their role in anterior uveitis 
is the subject of current research, but prostaglandins are not the 
only mediators in this process.'!? Aqueous humor protein con- 
centrations and prostaglandin E? metabolites following anterior 
chamber paracentesis in the dog are reduced by pretreatment with 
aspirin (i.e., a prostaglandin inhibitor) and flunixin meglumine 
(ie., a nonsteroidal antiinflammatory agent).8788""! 


AQUEOUS HUMOR AND INTRAOCULAR 
PRESSURE 


The ciliary body has several functions, including: 


1. Formation of aqueous humor by active secretion, ultrafil- 
tration, and simple diffusion; 

2. Generation of IOP through the aqueous dynamic process; 

3. Influence through its musculature on the conventional (i.e., 
corneoscleral trabecular meshwork or pressure-sensitive) 
aqueous humor outflow; 

4. Provision of both the blood supply and nerve supply for 
the anterior segment; 

5. Control with its musculature over the accommodation 
process; 

6. Constitution of the blood—aqueous barrier; and 

7. Formation of the entry for the nonconventional (i.e., 
uveoscleral or pressure-insensitive) aqueous humor outflow. 


The ciliary body is also rich in antioxidant systems, with sig- 
nificant concentrations of catalase, superoxide dismutase, and 
glutathione peroxidase types I and II. In addition, the ciliary 
body is the major drug detoxification center in the eye, with its 
microsomes containing the cytochrome P,,... proteins, which cat- 
alyze many drugs. In avian species, the ciliary body musculature 
is composed of distinct anterior and posterior components that 
alter the corneal curvature for corneal accommodation and move 
the ciliary body anteriorly for lenticular accommodation.!!*!4 


Aqueous Humor Formation 


Aqueous humor is the transparent fluid that fills the anterior 
chamber, pupil, and posterior chamber. With a refractive index 
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of 1.335, its density is slightly greater than that of water. As 
aqueous humor is formed by the ciliary body processes, it 
enters the posterior chamber and flows through the pupil into 
the anterior chamber, where it leaves the eye through the cor- 
neoscleral trabecular and uveoscleral outflow pathways. This 
continuous flow of aqueous humor supplies the avascular 
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cornea and lens with nutrients and also removes their waste 
products. The rate of aqueous humor formation equals the out- 
flow, so the IOP is maintained at a relatively constant level and 
the refracting surfaces of the eyes are kept in the normal posi- 
tion. Aqueous humor resembles an ultrafiltrate of plasma 
(Tables 3.5 and 3.6).*!!>-7! Breakdown of the blood—aqueous 


Table 3.5 Concentrations of Organic Compounds in Aqueous Humor, Plasma, and Vitreous 


Compounds Aqueous Plasma 
[eee 
Amino acids 2.86 1.87 
(umol/mL) — — 
2.10 = 
Ascorbate 0.55 — 
(umol/mL) 0.1 — 
1.21 — 
1.18 0.02 
0.96 0.04 
Glucose 5.11 7.00 
(umol/mL) 4.55 5.96 
2.00 3.11 
5.44 5.05 
3.0 4.1 
6.9 7.2 
Hyaluronate — = 
(g/mL) = = 
4.4 = 
= 0.29 
<2.0 = 
<3.0 10.3 
Lactate — — 
(umol/mL) = [A 
4.3 3.0 
12.1 8.2 
Protein 0.38 6.5 
(mg/100 mL) 0.15-0.55 7.8 
0.17 7.5 
0.2 TAE 
33.3 — 
25.9 — 
Urea 7.45 = 
(umol/mL) 5.16 7.88 
— 5.59 
— 4.5 
6.1 MB 
7.0 9.1 


Vitreous Species 
1.23 Dog 
30 Cat 
14-30 Cow 
30.0 Horse 
= Monkey 
= Dog 
= Cat 
= Cow 
0.43-0.98 Horse 
0.02 Monkey 
0.46 Rabbit 
= Dog 
3.17 Cat 
3.0-3.4 Cow 
5.55 Horse 
= Monkey 
3.0 Rabbit 
35 Dog 
31-53 Cat 
251-1190 Cow 
= Horse 
423 Monkey 
31 Rabbit 
= Dog 
— Cat 
1.64 Cow 
1.94 Horse 
= Monkey 
12.0 Rabbit 
= Dog 
= Cat 
379-960 Cow 
= Horse 
= Monkey 
— Rabbit 
= Dog 
8.5 Cat 
14.2 Cow 
4.83 Horse 
= Monkey 
7.63 Rabbit 
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Table 3.6 Concentrations of Inorganic Compounds in Aqueous Humor, Plasma, and Vitreous 


barrier modifies the composition of the aqueous humor, 
primarily by the addition of proteins and prostaglandins, which 
is exhibited clinically as aqueous flare. With the addition of 
proteins, the aqueous composition closely approximates that of 
plasma and is termed plasmoid aqueous. Plasmoid aqueous 
in domestic animals clots easily because of high levels of 


Compounds Aqueous Plasma Vitreous Species 
| Bicarbonate (umol/mL) Ratio aqueous:plasma = 1.13 — — Dog 
30.4 25.3 — Cat 
36.0 = = Cow 
Ratio aqueous:plasma = 0.82 — 19.6-32.4 Horse 
22.5 18.8 — Monkey 
33.6 27.4 19.6-32.4 Rabbit 
Calcium (mEq/L) 2.9 5.2 = Dog 
2.7 4.8 — Cat 
— = 3.5-4.0 Cow 
3.0 5.5 4.9-7.3 Horse 
2:5 49 — Monkey 
3.5 6.2 1.5 Rabbit 
Chloride (mEq/L) 124.8 115.9 — Dog 
= — — Cat 
— — 116-124 Cow 
12.1 10.1 112-120 Horse 
125.0 110.0 — Monkey 
105.1 111.8 104.7 Rabbit 
Oxygen (mm Hg) 45 = — Dog 
= = 53 Cat 
= = — Cow 
= — — Horse 
— = = Monkey 
30 77 17.0 Rabbit 
Phosphate (umol/mL) 0.53 1.26 — Dog 
0.48 1.87 — Cat 
= = 0.42-0.92 Cow 
0.33 0.31 1.00 Horse 
0.14 0.68 — Monkey 
0.89 1.49 0.40 Rabbit 
Potassium (mEq/L) 5.0 4.4 5.3 Dog 
4.4 4.0 — Cat 
7A 4.7 4.9-5.6 Cow 
5.1 55 4.9-7.3 Horse 
3.9 4.0 — Monkey 
5.2 5.5 9:5 Rabbit 
Sodium (mEq/L) 149.4 154 = Dog 
158.5 163.6 — Cat 
149.5 143 131-148 Cow 
117.4 143.5 118-163 Horse 
152 148 = Monkey 
143 146 134 Rabbit 


fibrinogen. Unless treated pharmacologically, this clotting may 
cause many of the complications encountered during intraocu- 
lar surgery of animals. 

The metabolic needs of the cornea and lens alter the aqueous 
humor composition, as seen by the differences in concentration 
of some substances between the anterior and the posterior 
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chambers. The level of substances in the blood also affects the 
level of those same substances in the aqueous humor; one 
example is the hyperglycemia of diabetes mellitus, which 
results in elevated aqueous sugar concentration. Other factors 
affecting composition of aqueous humor are alterations in the 
rate of blood flow through the ciliary processes and modifica- 
tions of the secretory activity of the ciliary body nonpigmented 
epithelium. 

The chemical components of the aqueous humor are pro- 
teins, immunoglobulins, enzymes, and lipids, all of which are 
present in much lower concentrations than in the plasma. This 
is due to the blood—aqueous barrier as well as because of elec- 
trolytes and other inorganic compounds. Carbohydrates, urea, 
and amino acids are also found in the aqueous humor at vari- 
ous concentrations. The carbohydrate level in aqueous humor 
is approximately 80% that of the plasma. Because the carbo- 
hydrates enter the aqueous humor by diffusion, however, this 
difference most likely results from their use by the lens and 
cornea.!*? Urea concentration in the aqueous humor is also 
approximately 80% that of plasma. Results of previous studies 
in the dog have indicated that urea penetrates the blood— 
aqueous barrier very slowly; therefore, a steady level as com- 
pared to that in plasma is never reached, which results in a 
lower concentration of urea in the aqueous.!** In most mam- 
malian species, the concentration of amino acids in the aque- 
ous humor is higher than that in the plasma, and this suggests 
an active transport of amino acids across the ciliary epithelium 
is most likely involved in this secretory process.!™^!?5 In the 
dog, however, amino acid concentrations in the aqueous 
humor are lower than those in the plasma.'!> In this species, 
the vitreous may act as a “sink” for some of the amino acids, 
thus causing the deficiency. !™*!?5 In addition, the vitreous may 
function as a reservoir for certain drugs and other compounds. 

The major cations in the aqueous humor are sodium, potas- 
sium, calcium, and magnesium, with sodium making up 95% 
of the total cation concentration. Sodium enters the aqueous 
through an active transport mechanism, with a net flow of 
water into the posterior chamber. This “pump” probably 
accounts for most of the aqueous humor formed by secretion. 
The major anions in aqueous humor are chloride, bicarbonate, 
phosphate, ascorbate, and lactate. The chloride and bicarbon- 
ate ions enter with sodium, but their concentrations vary 
among species. For example, in the horse, the aqueous chlo- 
ride concentration exceeds that of plasma, whereas the level of 
aqueous bicarbonate 1s less than that of plasma bicarbonate. In 
the guinea pig, the bicarbonate concentration is higher and the 
chloride concentration is lower.!?° Because the total anion 
concentration equals the total cation concentration, the com- 
bined chloride and bicarbonate concentrations equal the 
sodium concentration. Lactate in the aqueous humor is found 
in much higher concentrations than in the plasma. Results of 
previous studies indicate that glucose metabolism by the 
cornea, ciliary body, lens, and retina contributes to the lactate 
concentration of the aqueous humor. Lactate concentrations 
do not appear to accumulate in the posterior chamber above 
the plasma concentration. !?7 
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Ascorbate concentration in the aqueous humor exceeds 
that in plasma because of an active transport mechanism. !°8 
The level of aqueous ascorbate is lower in young animals than 
in adults, but the reason for this is unclear.'”” It has been sug- 
gested that ascorbate plays a role in storage of catecholamines 
in the iris, is a cofactor in electron transfer reactions, is a 
reducing agent in hydroxylation reactions (e.g., lysine to pro- 
line in collagen connective tissue), partially absorbs ultravio- 
let radiation, serves as an antioxidant, and helps to regulate 
production of GAGs in the trabecular meshwork. !?®!? Aque- 
ous humor ascorbate levels appear to be higher in diurnal ani- 
mals than in nocturnal animals, thus suggesting a possible 
protective effect against light-induced damage. 

Aqueous humor is formed by three basic mechanisms: dif- 
fusion, ultrafiltration, and active secretion by the nonpig- 
mented ciliary epithelium. Diffusion of solutes occurs down 
the concentration gradient, or from the area of higher concen- 
tration to the area of lower concentration. Lipid-soluble com- 
pounds are examples of diffusible substances. Ultrafiltration 
occurs when movement of a compound across a cell membrane 
is increased by a hydrostatic force, and it results from differ- 
ences between the pressure of the ciliary body capillaries and 
the IOP. Active transport requires energy (usually ATP) to 
secrete material against a concentration gradient. Active trans- 
port of certain solutes (by the ciliary epithelium) is the most 
important factor in aqueous humor formation.!°°!3! The Nat* 
ion is the major constituent actively transported from blood to 
the aqueous humor. An enzyme complex, Na*,K*-ATPase, is 
an active transport system present in the nonpigmented ciliary 
epithelium; this enzyme complex is membrane-bound and is 
found in the highest concentrations along the lateral interdigi- 
tation of these cells. Alterations in this complex will cause a 
marked decrease in aqueous formation. !3%!32133 Differences in 
osmolarity between plasma and aqueous humor are small, 
thereby making the rate of aqueous production dependent on 
the rate of solute transfer.'** Carbonic anhydrase (CA) cat- 
alyzes the reaction: 


CO, + H,O—=> HCO,- + H+ 


Entry of bicarbonate into the aqueous is associated with 
entry of water into the posterior chamber. Administration 
of topical and systemic carbonic anhydrase inhibitors slows 
the reaction, thus decreasing the rate of aqueous formation 
(Fig. 3.4). These drugs are useful therapeutic agents in 
treatment of glaucomas.!*> 

Aqueous humor circulates within the anterior chamber 
because of the temperature difference between the air-cooled 
cornea and the iris. This process is known as thermal circula- 
tion. The convection current causes an upward flow of aque- 
ous near the dorsal cornea. This circulation is responsible for 
the deposition of cellular material and keratic precipitates on 
the corneal endothelium in a vertical streak or spindle. 

The rate of aqueous humor formation equals the rate of aque- 
ous outflow, thereby determining the IOP. The flow of aqueous 
humor through the ciliary body epithelium and into the posterior 
chamber is caused by hydrostatic pressure against an osmotic 
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Posterior 
A Chamber 


Osmotic water flux 


Figure 3.4. Theoretic diagram of aqueous production based on the gradient osmotic flow model. The highest concentrations of Na*,K*-ATPase are along 
lateral cell walls. The role of Cl-transport is not clear. (Modified with permission from Caprioli J. The ciliary epithelia and aqueous humor. In: Moses RA, Hart 


WM, eds. Adler's Physiology of the Eye. St. Louis: CV Mosby, 1987.) 
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Figure 3.5. Schematic of the ciliary body process showing the hydrostatic forces involved in formation of aqueous humor. 


pressure gradient (i.e., ultrafiltration) and by a metabolic pump 
(discussed earlier). The rate of aqueous formation from within 
the ciliary stromal tissue is influenced by humoral as well as by 
sympathetic and parasympathetic innervation to maintain a 
steady-state IOP. An increase in IOP causes a reduction in aque- 
ous inflow, which is related to an alteration in the hydrostatic 
pressure gradient. This indicates that IOP only partially depends 
on systemic blood pressure (Fig. 3.5).136-137 

Within the ciliary epithelium, an adenylate cyclase 
enzyme-receptor complex exists that is responsible for forming 
a second messenger complex, cyclic adenosine monophosphate 


(cAMP). Adenylate cyclase is activated by catecholamines, 
gonadotropins (i.e., glycoprotein hormones), organic fluorides, 
and other compounds such as cholera toxin and forskolin 
(a diterpene), which in turn cause a decrease in aqueous inflow 
and IOP.!37!38 This enzyme system may be a common pathway 
through which IOP is regulated within the eye. 


Aqueous Humor Outflow 


The rate of aqueous humor formation varies among species. 
Aqueous humor dynamics involve the balance between 


= 
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production (i.e., active secretion) and both conventional and 
nonconventional outflow. Conventional outflow involves the 
flow of aqueous humor through the corneoscleral trabecular 
meshwork; the nonconventional route involves uveoscleral 
outflow. 3>" In conventional outflow, the primary resistance 
to aqueous outflow appears to be localized to the inner wall of 
the interscleral plexus and the outer trabecular meshwork. 

Though it is often not considered, the “backpressure” cre- 
ated by the venous portion of the conventional or corneoscle- 
ral (i.e., pressure-sensitive) aqueous humor pathways on 
Schlemm’s canal or the intrascleral plexus constitutes approx- 
imately 50% to 75% of the resistance that determines IOP. 
Minor anatomic variations in the venous system have been 
demonstrated in several species (i.e., nonhuman primates, 
dogs, cats, rabbits) that appear to determine the exit of aque- 
ous humor from the anterior chamber. To date, however, 
results of pressure studies in humans, nonhuman primates, 
rabbits, and dogs reveal venous pressure in all species studied 
to be approximately 8 to 12 mm Hg.'*'~'#* Measurements of 
the venous pressure of these vessels include direct cannulation 
(using very fine glass pipettes) and indirect partial-to-complete 
compression schemes (using a string-gauge system or a fluid- 
filled chamber). !* 

Arteriovenous anastomoses within the episcleral vascula- 
ture have been recently demonstrated in the rabbit, dog, owl 
monkey, and cynomolgus monkey. These vascular shunts may 
function in the rabbit and dog where the episcleral vasculature 
appears to lack a capillary system and in the monkey species 
as an emergency system to elevate IOP after anterior chamber 
paracentesis or to flush retrogradely the outflow chan- 
nels,'*°-'46 Many formulae have been developed for the forma- 
tion and exit of aqueous humor in both humans and animals. 
These formulae have evolved over several decades of studies 
and now appear to be accurate for humans, the rabbit, selected 
nonhuman primates, the dog, and the cat (Table 3.7). In large 
animals, uveoscleral outflow, which appears to be independ- 
ent of IOP, may be a substantial route that cannot be measured 
by tonography. 


Table 3.7 Aqueous Humor Dynamics Formulae 


|. Flow = (P, — P.)R 

F = Aqueous production 

P, = |0P 

P, = ESV pressure (episcleral venous pressure) 
R = Resistance 

IL. Inflow = Outflow 


Ill. Secretion — Cocsugo (P; R) = C(P, — P,)/1 + Q(P, - P,) + U 


Ceca = Pseudofacility 
P, = IOP 

P, = EVP (episcleral venous pressure) 
C = Total facility 


Q = Outflow obstruction coefficient 


U = Uveoscleral outflow 
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The term pseudofacility refers to pressure-dependent 
ultrafiltration formation of aqueous humor. It was assumed 
that any measurement procedure for aqueous humor dynamics 
that temporarily elevated IOP (e.g., perfusion of the anterior 
chamber, tonography, perilimbal suction cup) would tem- 
porarily decrease the rate of humor formation. This slight 
decrease in the rate of formation would alter the pressure- 
sensitive outflow measurements obtained by tonography and 
were termed false facility, or pseudofacility. Results of studies 
that involved compressing the venous pressure of the aqueous 
humor outflow systems in humans and nonhuman primates 
suggest the pseudofacility to be as high as a 20% error. Fluo- 
rophotometric measurements of rates of humor formation, 
however, indicate these sudden (but limited) increases in IOP 
do not suppress the rate of humor formation. Fluorophotome- 
try in both normal and glaucomatous human eyes indicate that 
rates of aqueous humor formation are essentially the same.!4” 
Another possible explanation is immediate dilatation of the 
intraocular blood vessels and slow accumulation of aqueous 
humor. In current reports, pseudofacility may still be used as a 
“correction” factor in the humor formulae. 

Other influences on the rate of aqueous humor formation 
and regulation of IOP have been proposed. In the cat, a center 
in the diencephalon has been found that, when stimulated, 
causes alterations in the IOP.'** Central nervous system regu- 
lation of IOP is not understood, however, and hormonal con- 
trol of aqueous humor production may be involved. Because 
of the similarities between the ciliary and renal epithelium, 
antidiuretic hormone, cortisol, and prolactin have been sug- 
gested as factors in regulating aqueous humor dynamics.!4! 
The effect of drugs on aqueous humor dynamics is discussed 
in Chapters 7 (Part 2) and 21. 

The outflow of aqueous humor is primarily through the tra- 
becular meshwork, but a small percentage (depending on the 
species) leaves by diffusion through the iris, ciliary body, and 
vitreous. This unconventional, or uveoscleral, outflow is inde- 
pendent of the IOP, but it is affected by the state of the ciliary 
body and by the hydrostatic pressure difference between the 
anterior chamber and the suprachoroidal space.!5™!53 Con- 
traction of the ciliary body musculature decreases unconven- 
tional outflow, possibly by reducing the extracellular spaces; 
in turn, relaxation increases outflow via this route. 

The available information on aqueous humor dynamics in 
animals is summarized in Table 3.8.!°4 Results of earlier stud- 
ies indicated that volume of the anterior chamber directly 
relates to the rate of aqueous outflow, so that animals with large 
eyes have faster outflow rates per minute.!> The resistance to 
aqueous outflow is inversely proportional to the facility of out- 
flow (C w- Results of recent studies indicate that the main site 
of resistance to outflow is the endothelial lining of the angular 
aqueous plexus and the extracellular matrix (Fig. 3.6).156157 
The site of filtration may be different from the site of flow 
resistance as well.!° 

Aqueous humor can pass directly into the angular aqueous 
plexus (or Schlemm’s canal in nonhuman primates and domes- 
tic chickens) through transcellular pores, large vacuoles, or 
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Table 3.8 Estimates of aqueous humor dynamics in selected species 


Nonhuman 
Dog Cat Rabbit Cow Horse Primate 
“C” outflow (wL/mmHg/min by tonography) 0.24-0.30 0.27-0.32 0.22-0.28 = 0.90 0.24-0.28 
Uveoscleral outflow (L/min) 15% 3% 13-25% — — 5-40% 
IOP (mmHg) 15-18 17-19 15-20 20-30 17-28 138-15 
Episcleral venous pressure (mmHg) 10-12 8 9 — = = 
Aqueous formation — 0.8 (tracers — — — — 
| Aq ( ) 


Figure 3.6. Transmission-electron micrograph showing the angular 
aqueous plexus in a canine eye. Arrows indicate cell junctions between the 
endothelial cells. Numerous pinocytotic vesicles are present. PV, pinocy- 
totic vesicle: te, endothelium of trabecular vein; tv, trabecular vein (angular 
aqueous plexus). (Original magnification, X37,800.) (Courtesy of DA 
Samuelson.) 


pinocytotic vesicles. Another mechanism exists that involves 
phagocytic activity by macrophages and native trabecular 
meshwork cells (Fig. 3.7). This self-cleaning filter mechanism 
is activated by the presence of large particulate material. 
A malfunction of endothelial phagocytosis and reduced num- 
bers of trabecular endothelial cells may contribute to the 
abnormal state of primary open-angle glaucoma.!>? 

The nonfiltering portion of the canine iridocorneal angle 
has been shown to contain Schwalbe’s line (SL) cells, which 
have both secretory and epithelial characteristics. Changes in 
morphology and number of SL cells correlated with the pro- 
gression of disease in glaucomatous dogs. 

Resistance developed by the pressure-sensitive aqueous 
humor outflow pathways appears to relate to the trabecular 
meshwork cells and their extracellular matrix. The extracellular 


Figure 3.7. Phagocytic activity of the trabecular meshwork cell. Arrows 
indicate a 3-um latex sphere being ingested into a trabecular meshwork 
cell. (Original magnification, X7,700.) (Photo provided by DA Samuelson.) 


matrix is quite complex, and it consists of the different 
glycoproteins and the proteoglycans. The important proteins and 
glycoproteins in humans include laminin (i.e., the basement 
membrane “glue”) and fibronectin, which both bind and organ- 
ize the extracellular matrix and attach to the cell surfaces. 
Proteins important in the meshwork include the interstitial colla- 
gens, type IV basement membrane collagen, type V and VI col- 
lagens, and elastin.'*! The trabecular meshwork, which is 
immediately adjacent to Schlemm’s canal in humans and certain 
other animal species, or the intrascleral venous plexus in most 
domestic animals, is called the juxtacanalicular zone and proba- 
bly accounts for the major site of aqueous outflow resistance. 
The GAGs in the aqueous outflow pathway appear to play 
important physiologic roles, including maintenance of 
structural integrity, cell matrix interactions, binding and 
sequestration of growth factors, and modulation of interstitial 
fluid exchange.'© They form highly viscous and elastic gel 
solutions that function as a biologic gel filtration system 
and account for a significant amount of the resistance to 


| 


E 


aqueous humor outflow. Flow in a gel filtration system can be 
approximated by Darcy’s Law: 


U = K (AP/L) 


where U equals a linear flow rate (expressed in cm/hour), AP 
equals pressure drop over the gel bed (expressed in cm of 
H,0), L equals bed height (expressed in cm), and K equals a 
constant of proportionality, which depends on the properties 
of the gel material and the eluant. GAGs may act to maintain 
low-flow movement of fluid, unidirection, and the pressure 
gradient between the trabecular lamellae and the aqueous 
venous plexus of the eye. 16 These endothelial cells also allow 
entrance of the aqueous humor into the exit channels by vac- 
uolation. "4156-163164 The aqueous humor then flows into the 
episcleral and subconjunctival plexus of the veins and, finally, 
into the general circulation. 

In humans, the major types of proteoglycans within the tra- 
becular meshwork include chondroitin, dermatan sulfate, and 
heparitin sulfate. HA and a small amount of keratan sulfate have 
also been found, and the relative amount and ratios of all these 
proteoglycans may change with age. In normal young rabbits, 
the trabecular meshwork GAGs consist of HA, keratan sul- 
fate, heparitin sulfate, and conjugates of dermatan sulfate- 
chondroitin sulfate 4 and 6.165 Aging in rabbits results in changes 
to the trabecular meshwork GAGs, with less keratan sulfate. In 
normal young dogs, the trabecular meshwork contains HA, 
chondroitin sulfate, dermatan sulfate, and heparitin sulfate.'® 
Results of recent studies indicate that an enzyme-resistant GAG 
is present in the trabecular meshwork in glaucomatous human 
eyes and in glaucomatous Beagle eyes.'°”! It appears this 
enzyme-resistant GAG causes an increase in outflow resistance, 
which in turn contributes to the abnormal state of aqueous 
dynamics in the glaucomatous eye. Other glycoproteins as well 
as the basement membrane material of the trabecular meshwork 
may also be important extracellular matrix contributing to out- 
flow resistance. A subset of juvenile onset and primary open 
angle glaucomas have been shown to be associated with muta- 
tions in the trabecular meshwork inducible glucocorticoid 
response (TIGR) or myocilin gene.!”°!”! Mutated myocilin is 
not normally secreted and accumulates in cells which may criti- 
cally impair the function of the trabecular meshwork.!”!” 
Myocilin induction may also underlay the mechanism of human 
steroid-induced glaucoma.!”4 


Methods to Measure Aqueous Dynamics 


Aqueous humor dynamics have been investigated in animals 
using a number of both invasive and noninvasive methodologies 
(Table 3.9). Most of these procedures have been performed in 
the rabbit, cat, and nonhuman primates, and limited information 
is available for the dog, cat, horse, and cow. Perfusion of the 
anterior chamber of in vivo and in vitro eyes has been performed 
in many species to determine total or gross aqueous humor out- 
flow. The constant-pressure perfusion technique is the most fre- 
quently used. It involves maintaining a constant level of IOP 
with periodic, intermittent, or continuous volumes of perfusate. 


Chapter 3: Physiology of the Eye e 167 


Table 3.9 Methods to Investigate Aqueous Humor Dynamics 


|. Techniques to investigate the formation of aqueous humor: 


Cannulation of anterior chamber: constant-rate/constant- 
pressure perfusion. 


Direct view/measurement of newly formed aqueous humor. 


Use of markers in aqueous humor (radioactive, flourescein, 
paraminophippuric acid). Measure the decay rate of 
intracamerally injected isotopes. 


ll. Procedures to investigate the exit of aqueous humor: 
Ocular perfusion to lower IOP. 
Perilimbic suction cup. 
Tonography (conventional outflow/pressure sensitive). 


Use of markers (flourescein, nitrotetrazolin, latex spheres, 
radioactive tracers). Both conventional and uveoscleral outflow 
routes are measured. 


Ill. Methods to measure the episcleral venous pressure: 


Partial to complete collapse of the episcleral veins to cause 
alteration in the blood flow. 


Torsion balance 

Pressure chamber (filled with air or saline) 
Air jet 

Ocular compression 


Direct cannulation and measurement by transducer. 


The constant-rate procedure (involving injection of a constant 
volume of perfusate) is infrequently reported. In the perfusion 
decay test, either a preselected volume of perfusate is injected or 
a preselected level of IOP is achieved. Once the perfusate has 
been injected, the time for the IOP to regain the baseline or pre- 
existing level is measured. In many ways, the perfusion tech- 
niques are similar to the noninvasive tonography methods. The 
two-step or two levels of constant perfusion of the anterior 
chamber, as reported by Bárány and Scotchbrook,!”> has become 
the most frequently reported procedure. Briefly, the technique 
includes constant perfusion of the anterior chamber at two dif- 
ferent levels of IOP (~2-3 and 8-10 mm Hg above baseline) for 
several minutes. The total (i.e., perfusion) facility is determined 
by dividing the difference in perfusion rates between the two lev- 
els of IOP by the pressure difference between those two levels. 
Pseudofacility may account for approximately 0.02 uL/min per 
mm Hg with this procedure in humans. 

A large amount of literature has been published on anterior 
chamber perfusion in several species. The type of perfusate, 
duration of perfusion (i.e., the “washout effect”), in vivo and in 
vitro eye preparations, level of IOP during perfusion, addition 
of certain enzymes, and drugs (including anesthesia and other 
substances) may directly influence the perfusion rate. If perfu- 
sion of the anterior chamber is planned, the literature should be 
consulted and carefully evaluated. Also of interest, the rates of 
perfusion obtained in the animals investigated have correlated 
closely with the values obtained by the noninvasive tonographic 
and fluorophotometric methods. 


168 e SECTION |: Basic Vision Sciences 


Several methods have been used to demonstrate anatomic 
routes and quantity of uveoscleral outflow as well as of con- 
ventional (i.e., corneoscleral) outflow. The combination of 
conventional and uveoscleral outflow pathways equals the total 
volume of aqueous humor that exits the eye (as well as that 
formed by the ciliary body). The percentages accounted for by 
uveoscleral outflow range from 4% to 14% in humans, 30% to 
65% in nonhuman primates, 3% in the cat, 15% in the dog, and 
13% in the rabbit. The horse appears to have a more extensive 
uveoscleral outflow system, but the volume and percentage of 
the total outflow system have not been reported. The horse has 
an extensive angular aqueous plexus as well. Also of interest, 
topical pilocarpine appears to decrease uveoscleral outflow, 
perhaps by reducing the potential spaces within the anterior 
ciliary body, in nonhuman primates, the cat, and the dog. 
Atropine slightly increases the uveoscleral outflow. 

Uveoscleral outflow can be demonstrated using observable 
tracers measuring 10.0 nm to 1.0 um in diameter. These tracers 
include microspheres, fluorescein-labeled dextran, Evans blue, 
nitro blue tetrazolium, India ink, trypan blue, thorotrast, blue dex- 
tran, colored proteins, C-inulin, ferritin, saccharated iron, and 
yeast cells. As one would anticipate, the smaller diameter (i.e., 
pore) tracers penetrate the different tissues to greater extents. 
After perfusion at different levels of IOP and for different time 
intervals, the eyes (especially the root of the iris, the entire ciliary 
body, the suprachoroidal space, and choroid, even as far posterior 
as the optic nerve) are examined by light microscopy, scanning- 
electron microscopy, and transmission-electron microscopy 
for these markers. These same methods have also demonstrated 
the ability of the trabecular endothelium and wandering 
macrophages to phagocytize particulate material within the out- 
flow pathways. To estimate the amount of uveoscleral outflow 
(either as ul or %), isotopes are injected into the anterior chamber; 
the time, amount of the isotope, or both, are standardized. Tracers 
have included J-albumin,'?> I-diodone (i.e., iodopyracet),!*! I- 
gamma globulin,!?? H-labeled dextran,’ and C-inulin.'* At the 
conclusion of perfusion, either the ocular tissues are dissected 
into the different sections and analyzed for radioactivity, or the 
entire globe is sectioned and the radioactivity of each area is 
measured by scintillation counter. 

Measurements of tracers in the fluids within the intrascleral 
veins, episcleral veins, and vortex veins are alternate methods 
of determining the different routes of aqueous humor outflow. 
These methods require the anatomy of these venous systems 
to be determined. There may be mixing between the systems, 
and the tracer concentrations in the anterior chamber and 


Table 3.10 Comparative Physical Dimensions of the Eye 


blood must be established at the same time. Atraumatic ent 
to the intrascleral or episcleral venous system (or both) must 
be available. 

Both invasive and noninvasive techniques may be used to 
estimate the rate of aqueous humor formation. As one would 
anticipate, early methods were invasive and essentially meas- 
ured the dilution of intracamerally injected substances over 
short periods of time. With the volume of aqueous humor 
within the anterior and posterior chambers determined and the 
amount of dilution of the tracer estimated, the total amount of 
aqueous humor produced per unit of time could be deter- 
mined. Early studies used ascorbic acid, cysteine, inulin, and 
other small, measurable substances. Probably the weakest part 
of these studies was determination of the volumes of both the 
anterior and posterior chambers. When studying glaucoma- 
tous animals (in which these chambers may be altered consid- 
erably), these volumes may be difficult to determine. On the 
basis of these invasive experiments, fluorophotometry was 
developed as both an experimental and a clinical procedure to 
noninvasively determine the rate of aqueous humor formation 
in many species, including humans. 

In recent years, fluorophotometry has been employed as a 
noninvasive method for studying aqueous humor flow dynam- 
ics, for evaluating ocular pharmaceutical agents used in treat- 
ment of glaucoma, and for determining iris permeability in both 
healthy and diseased states. Fluorophotometry of the anterior 
chamber and vitreous can assess the permeability of the 
blood-—retinal barriers in the healthy and diseased eye. Fluo- 
rophotometry has been used extensively in humans, nonhuman 
primates, and the rabbit, but it will become more popular in vet- 
erinary medicine as a tool for assessing aqueous flow dynamics 
and permeability coefficients involved in both normal and 
abnormal ocular states.!”°'” Critical in the determination of 
aqueous humor production rates is the anterior and posterior 
chamber volumes (Table 3.10).!8°:!8! 


Ocular Rigidity 


Another concept involved in IOP is ocular rigidity, which is 
the resistance offered by the fibrous tunics of the eye (i.e., 
sclera and cornea) to a change in intraocular volume. Ocular 
rigidity may also be defined as the change in IOP per incre- 
mental change in the intraocular volume; this resistance mani- 
fests as a change in IOP. Ocular rigidity (k) is determined by 
Schiotz tonometry, and it estimates the change in volume 
(open-manometer system) when the instrument is placed on 


Human (mL) Cat (mL) Dog (mL) Rabbit (mL) Cow (mL) Horse (mL) 

— = 

Anterior chamber 0.3 0.6 0.4 0.3 oi, 2.4 4 
Posterior chamber 0.06 0.3 0.2 0.06 1.5 1.6 
Lens volume 0.2 0.3 0.5 0.2 2.2 3.1 
Vitreous volume 3.9 2.8 3.2 i5 20.9 28.8 
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the cornea as well as after injections of exact volumes or 
reselected elevations in IOP. This logarithmic relationship 
between IOP and volume of the globe is: 


Log P,/P, = k(V,— V,) 


Ocular rigidity is a constant characteristic of each eye, but it 
also depends on IOP. Hence, the distensibility of each 
globe varies among individuals as well as with the level of IOP. 
The dog and cat have greater scleral elasticity than adult 
humans, so less resistance is offered with indentation tonome- 
try, and buphthalmia occurs more readily with prolonged, 
increased IOP.'®*'83 Manometric studies to develop Schiotz 
tonometer calibration tables for the dog, rabbit, and cat have 
not been successful clinically and may be associated with dif- 
ferent individual rigidities for the cornea and sclera.'** 


Intraocular Pressure 


Clinical tonometric methods of determining IOP are dis- 
cussed in Chapter 9, and the tonometric values of IOP in nor- 
mal domestic animals are listed in Table 3.11.1857% For the 


Table 3.11 Intraocular Pressures in Animals 
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most part, the range of normal IOPs in the different domestic 
animal species has not been ascertained. One reasonable 
method that can be applied clinically is to determine the mean 
IOP and then establish two (95% of the population) or three 
(99% of the population) standard deviations. In humans, IOP 
can demonstrate brief or short-term elevations as well as long- 
term increases. In animals, many of these observations also 
occur, but others have not been reported (Table 3.12). Diurnal 
IOP variations generally occur in most animals and humans; 
in humans, the highest pressure occurs in the morning and the 
lowest in the afternoon.” The circadian IOP cycles in the rab- 
bit, cat, and nonhuman primates are opposite to those in the 
dog and in humans, with the highest levels of IOP occurring 
during the day and the lowest pressures at night.!*°'87 Results 
of studies involving both normotensive and glaucomatous 
Beagles indicate similar intraocular variations to those in 
humans, with the morning IOP usually being the highest. In 
the normal dog, the range in IOP varies by 18 to 22 mm Hg 
daily, whereas in the glaucomatous Beagle, perhaps associ- 
ated with abnormal IOP control mechanisms, the valleys and 
peaks in IOP may be 10 to 15 mm Hg different. Seasonal 


Species Tonometer IOP Results Mean + SD Investigator 
Dog Mackay-Marg 15.7 + 4.2 Miller et al. 
TonoPen 16.7 + 4.0 
Mackay-Marg 17.8 + 0.9 (pm) Gelatt et al. 
21.5 + 0.8 (am) 
Cat Mackay-Marg Miller et al. 
TonoPen 
Rabbit Pneumatonograph Vareilles et al. 
Smith et al. 
Horse Mackay-Marg Cohen and Reinke 
Mackay-Marg McClure et al. 
TonoPen Kotani et al. 
Mackay-Marg Trim et al. 
Mackay-Marg Miller et al. 
TonoPen 
Mackay-Marg Smith et al. 
Mackay-Marg Van der Woerdt et al. 
Cow Mackay-Marg Gum 
Kotani et al. 
Monkey (ketamine) Pneumatonograph Bito et al. 
TonoPen Komaromy et al. 
Alligator TonoPen Whittaker et al. 
Ferrets TonoPen Sapienza et al. 
Raptors 
Hawks TonoPen Stiles et al. 
Eagle 
Owl 
Rat TonoPen Mermoud et al. 
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Table 3.12 Short- and Long-Term Fluctuations in Intraocular 


Pressure 
Short-Term Long-Term 
had 
Diurnal changes Aging 
Forced eyelid closure Race/breed 


Contraction of retractor bulbi muscles Hormones Glucocorticoids 


Coughing/Valsalva maneuver Growth hormone 


Abrupt changes in blood pressure Estrogen 
Pulse Progesterone 
Struggling/electroshock Obesity 
Changes in body/head position Myopia 
Succinylcholine Gender 

Season 


Acidosis 
(ee = 


variations have been reported in humans and the rabbit; IOPs 
are lower in the summer and higher during the winter months 
in the rabbit.'*’ This has not been substantiated in the dog at 
this time, but Magrane?® has suggested that attacks of acute 
congestive glaucoma in the American Cocker Spaniel occur 
more often in the period from October through March. 


LENS 


The second-most powerful refracting surface in the eye is the 
lens. Like the cornea, it is a transparent tissue without a direct 
blood supply. Differences between the lens and cornea are their 
sources of nutrients, solubility of structural proteins, amount of 
glycoproteins, and physical characteristics responsible for 
transparency. The lens depends primarily on the surrounding 
aqueous humor for its metabolic needs. Most of the lenticular 
proteins are soluble with a small amount of glycoproteins, 
whereas the cornea consists mostly of insoluble collagen and 
relatively large numbers of glycoproteins. Transparency of the 
cornea depends on the precise, regular arrangement of the col- 
lagen fibers; transparency of the lens depends primarily on the 
highly ordered lens cell arrangement as well as on the solubil- 
ity and physical arrangements of its proteins. 

The lens behaves as a very large, single cell or syncytium 
both biochemically and electrically. The lens consists of 
approximately 65% water, 35% protein, and small amounts of 
lipids, inorganic ions, carbohydrates, ascorbic acid, glu- 
tathione, and amino acids. Both the anterior and posterior lens 
capsules are the lens’s extracellular matrix and, like the typi- 
cal epithelial basement membrane, consist of type IV collagen 
and heparitin sulfate proteoglycan. The thickness of the ante- 
rior lens capsule in dogs increases with age.”°’ The protein 
content of the lens is higher than that of any other organ. Pro- 
tein synthesis ceases with formation of the lens fiber cells, and 
all the protein changes that occur after this stage are posttrans- 
lational modifications. Lens proteins may be divided into sol- 
uble proteins, or crystallins, and into insoluble, or albuminoid, 
proteins. Soluble proteins comprise approximately 85% of the 
total lens proteins, but this amount decreases with age as the 


soluble proteins become insoluble. This percentage also varies 
among species and with the pathophysiologic state of the lens. 
When the lens becomes cataractous, the level of insoluble 
proteins increases. Most of the insoluble proteins occur in the 
lens nucleus, whereas the soluble proteins are concentrated in 
the lens cortex.”° The insoluble proteins are associated prima- 
rily with membranes of the lens fibers; the soluble proteins 
consist of the bulk of the refractive fibers of the lens and are 
considered to be the structural proteins of the lens. 

The soluble proteins are divided into four groups on the basis 
of their molecular size: a-, B-heavy (Bp), B-light (B,), and 
y-crystallins.2” §-Crystallin accumulates only in the lenses of 
birds and reptiles, and it is the first and major crystallin (70%) in 
the lens of the developing chicken.”!° The combination of a- and 
y-crystallin accounts for approximately 50% of the total mam- 
malian lens proteins; the remainder are B-crystallin. There is a 
high degree of similarity within the B-crystallin lens proteins 
among the different animal species.?!'?!* During aging of the 
canine lens as well as the lenses of other species, the relative pro- 
portions of a- and B, -crystallin increase and B,- and y-crystallin 
decrease.?08213-215 These changes appear to be accelerated in 
age-matched cataractous lenses.” Proteinase activity in the 
aging lens has been shown to increase as well. The relationship 
of proteinase and cataract formation has not been established,?" 
but these same enzymes may be important in spontaneous 
cataract resorption. 

The long prismatic lens fiber cells are organized in tightly 
packed units with interdigitations that appear as a three- 
dimensional jigsaw puzzle. The interdigitations are specialized 
gap junctions that join all the lens cells, thus permitting them to 
act as a syncytium. The cytoskeletal proteins occur in the urea- 
extractable fraction of the lens proteins. These microfilaments 
include the usual actin, vimentin, spectrin, and intermediate fil- 
aments as well as the lens-specific intermediate filaments such 
as beaded filaments. Vimentin is the most intermediate filament 
in the human lens cell, occurring in the epithelial and cortical 
fiber cells but not the nuclear fiber cells. The functions of the 
beaded filaments, which consist of two classes (i.e., 90- and 
48-kD filaments), probably relate to crystallin packing and 
density distribution as well as attachment sites for the crystallin 
molecules. 

Lens proteins are immunologically organ-specific, but they 
are not species-specific. The lens capsule prevents lens proteins 
from contacting the reticuloendothelial and circulatory systems 
prenatally, so if lens proteins are released postnatally into the 
aqueous humor, the body’s defense system recognizes them as 
foreign. The result is production of antibodies against the body’s 
own lens, and a lens-induced uveitis may occur. Lymphocytes 
and neutrophils may play an important role in lens-induced 
uveitis following surgery or injury.’!’?!® The lens capsule in 
humans is permeable only to small-molecular-weight proteins 
(<50,000 kD), which include the low-molecular-weight 
crystallins. 

The lens epithelium is the major site of energy production in 
the lens. Energy is used for active transport of inorganic ions 
and amino acids and for protein synthesis. The active transport 
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Figure 3.8. Chemical composition of the aqueous humor and lens. Water and protein are expressed as percentages of lens weight. Nat, Cl-, K+, and Ca** 
ions are expressed in pEq per ml of lens water. Other compounds are expressed in umol per g of lens weight or umol per mL of aqueous humor. AA, amino 
acids; RNa, ribonucleic acid. (Modified with permission from Cotlier E. The lens. In: Moses RA, Hart WM, eds. Adler's Physiology of the Eye. 8th ed. St. Louis: 


CV Mosby, 1987, pp 268-290.) 


of cations and amino acids involves the action of Na*-K*- 
activated ATPase to maintain high K* ion and amino acid con- 
centrations and low Na* ion, Cl ion, and water concentrations 
within the lens. The movement of water is passive and occurs 
with the active cation transport. As the Na* ion is transported 
from the lens, K* is transported into the lens (Fig. 3.8) in a 
manner similar to that of the transport mechanism in red blood 
cells. A deficiency of lens Na*,K*-ATPase results in cataracts 
in mice because of breakdown of the pump mechanism.*!° The 
lens epithelium of birds and reptiles has a thickened annular 
pad, which may modify the transport mechanisms in these 
species. 

Glutathione and ascorbic acid are present at high levels in 
the lens. Exceptions are the dog, rabbit, and guinea pig, which 
have lower levels of ascorbic acid in the lens than in the aque- 
ous humor.'®® The function of lenticular ascorbic acid most 
likely relates to the oxidation—reduction reactions or is cou- 
pled to glutathione metabolism.”? Glutathione is a tripeptide 
of L-glutamate, L-cysteine, and glycine synthesized in the 
lens. Its function is to furnish sulfhydryl groups for the lens 
proteins, thereby preserving their solubility, and for the 
Na*,K*-ATPase reaction, thereby maintaining the transport 


“pumps.” Other biologic functions include participation in 
amino acid transport with y-glutamy] transpeptidase and as a 
substrate for glutathione peroxidase, which destroys cytotoxic 
lipid hydroperoxides. In a normal lens, glutathione is predom- 
inantly in the reduced form (GSH); the level of the oxidized 
form of glutathione is only 2.1% to 2.6% that of the reduced 
GSH. Levels of both the reduced and the oxidized forms of 
glutathione are decreased in cataract formation, except in 
advanced cataract patients, in whom the level of the oxidized 
form is 9% that of the reduced form.” 

The lens capsule functions as a semipermeable membrane 
that prevents only large molecules from passing through. It 
has only a mechanical function in maintaining the shape of the 
lens in association with accommodation and in providing for 
the attachment of the zonules. A contractile system appears to 
exist in the lens epithelial and cortical cells, and though its 
physiologic function is not completely understood, it appears 
to stabilize the shape of the lens.””” 

- The source of energy for the lens is glucose, which diffuses 
from the aqueous humor. Energy is derived from anaerobic 
glycolysis and is used for active cation transport and protein 
synthesis. Oxygen is not necessary for normal lens metabolism, 
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though a small percentage of glucose is metabolized through 
the Krebs cycle. The hexose monophosphate (i.e., pentose) 
shunt and the sorbitol pathway are other pathways of glucose 
metabolism in the lens. The major end product of glucose 
metabolism in the lens is lactic acid, which diffuses into the 
aqueous humor (Fig. 3.2). The rate of glycolysis is controlled 
by the amount of hexokinase enzyme and the rate of entrance 
by glucose into the lens. With high concentrations of glucose 
(>175 mg/dL), the level of glucose-6-phosphate increases, 
which inhibits hexokinase and limits the rate of glycolysis. This 
process prevents excessive buildup of lactic acid in the lens, 
which would lower the pH and activate the lens proteases.” 
With very high blood and aqueous humor glucose levels, as 
occur in diabetes mellitus, the enzyme aldose reductase is acti- 
vated as an alternative route of glucose metabolism in the 
lens.” The result is accumulation of sorbitol in the lens cells, 
which causes swelling associated with the increased osmotic 
pressure. The outcome is a diabetic cataract. 

A major factor involved in cataract formation is oxidative 
damage caused by O, radicals, peroxide (H,O,), OH”, and 
ultraviolet radiation. Antioxidant agents such as glutathione, 
catalase, superoxide dismutase, and ascorbate protect the lens 
from oxidative injury. In humans, the lens epithelium contains 
transporter molecules for ascorbate, which ensure adequate 
metabolism and help to protect against damage by free radi- 
cals. A deficiency in these protective mechanisms can result in 
cataractogenic changes.” In addition, epithelial cells from 
cataractous lenses may undergo metaplasia to form plaques 
composed of fibrous tissue and ectopic membrane produced 
by epithelial cells.77° 

Removal of the cataractous lens leaves the aphakic eye 
hypermetropic. The image in an aphakic eye is out of focus, 
right-side up, reversed (i.e., like a mirror image), and enlarged. 
With one lens removed, binocular or stereoscopic vision is 
impaired. The loss of a lens or lenses, however, does not appear 
clinically to be a significant problem for domestic animals. 
This sudden adaptation to an aphakic condition may be 
explained, at least in part, by an observation made in the cat. If 
a cat’s eye is surgically rotated approximately 90 degrees, the 
cat can discriminate horizontal from vertical visual cues with- 
out needing time for orientation. The exact anatomic site of 
this immediate adjustment is not known.””’ Basic differences 
between human and animal lenticular physiology are growth 
rate, hydration, accommodative capacity, color, and concentra- 
tion of fluorescent compounds (Table 3.13). The fluorescent 


compounds are polypeptides rich in water-soluble amino acids 
(mainly glutamic and aspartic acid). 


THE VITREOUS 


Vitreal Structure and Aging 


Physically, the vitreous is a hydrogel that consists of 98% water 
and fills the posterior cavity of the eye. Collagen makes up the 
framework of the vitreous and provides its plasticity. Spaces 
between the framework are filled with hyaluronic acid, which 
provides the vitreal viscoelasticity (Fig. 3.9). An increase in the 
collagen content of the vitreous will make it more solid, or gel- 
like; a decrease in the collagen content will make the vitreal 
consistency more fluid. Species differ in the collagen content of 
their vitreous, which accounts for species variation in vitreal 
consistency. Generally, the cortical areas of the vitreous contain 
more collagen, so they are more rigid than other portions. 

Embryonic vitreous is very dense and therefore translu- 
cent. As an individual matures, however, important structural 
changes occur in the vitreous. The axial length of the vitreous 
increases, which plays an important role in growth of the eye 
(discussed later). The overall collagen content remains 
unchanged in the adult, but the HA concentration undergoes a 
fourfold increase in both cattle? and humans.”*? This change 
in the HA-collagen ratio contributes to greater dispersal of the 
collagen fibrils, because the newly synthesized HA molecules 
push the collagen fibril bundles further apart, thus increasing 
the optical clarity of the vitreous. These changes in HA- 
collagen interactions as well as in the GAG contents of the vit- 
reous do not cease on reaching adulthood but continue 
throughout life, and they are believed to be responsible for the 
vitreal liquefaction observed as part of the aging process in 
some species.”*! In humans, rheologic (i.e., the gel-liquid state 
of the vitreous) changes begin in the central vitreous at 5 years 
of age and continue throughout life, so that in the geriatric 
patient, more than 50% of the vitreous is eventually lique- 
fied.”? As liquefaction progresses, the collagen bundles are 
packed into the remaining gel fraction, whereas HA mole- 
cules are redistributed to the liquid fraction. A common com- 
plication of this progressive liquefaction is separation of the 
posterior vitreous cortex from the retinal inner limiting mem- 
brane. This detachment, which predisposes to retinal tears, has 
been implicated as a risk factor in rhegmatogenous retinal 
detachment in the dog.”*? 


Table 3.13 Comparative Physiology of the Lens in Primates and Lower Animals 


Al 
Fluorescent 

Species Growth Rate Hydration State Accommodation Color Polypeptides 
Humans, nonhuman Slowly decreases Maintained at 65% Present Pale Yellow Present 

primates throughout life water throughout life 
Lower mammals Fast in early stages of life; Dehydrated with aging Little to none Colorless Absent 

(cow, rabbit, rat) little to no growth during the (35-50% water) 

late stages of life 


Liquid 
Channel 


Collagen Fiber 


Na-Hyaluronate 
Molecular Coils 
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Figure 3.9. Schematic of the vitreal ultrastructure. Parallel collagen fibrils are packed into bundles that aggregate and ultimately form visible fibers. 
Hyaluronic acid and water molecules fill the interfibrillar spaces. (Modified with permission from Sebag J, Balazs EA. Morphology and ultrastructure of human 


vitreous fibers. Invest Ophthalmol Vis Sci 1989;30:1867—1873). 


Vitreous Functions 


The vitreous is the largest structure in the eye, occupying 
approximately 80% of the globe.**! Though it is frequently 
ignored by both researchers and clinicians, the vitreous con- 
tributes to the development, optics, structure, physiology, and 
metabolism of the eye. 

The vitreous plays an important role in growth of the eye 
by contributing to the increase in globe size. Inserting a 
drainage tube into the vitreous cavity of chicken embryos low- 
ers intravitreal pressure and stops growth of the eye,” and 
vitrectomy of rabbit eyes has a similar inhibitory effect.” On 
the other hand, vitreal elongation will cause an increase in the 
axial length of the globe. This lengthens the path of the incom- 
ing light, thus providing for greater light refraction. In some 
aquatic species, such as goldfish, this increased vitreal refrac- 
tivity is a physiologic mechanism that compensates for the 
loss of refractive power when the cornea is submerged in 
water.?*° In terrestrial species, the increased refraction by the 
vitreous may lead to myopia. Vitreal elongation resulting in 
axial myopia has been induced through visual deprivation in a 
number of species, including nonhuman primates,” chick- 
ens,” and the cat.” This elongation of the vitreous is 
affected by the synthesis of collagen. Synthesis, molecular 
reconfiguration, and hydration of HA molecules likewise 
change the volume of the vitreous and hence of the eye.”*! It 
has been suggested that in addition to its refractive role, the 


vitreous has functions in the process of vision. In humans, 
there is evidence the vitreous functions in accommodation by 
moving anteriorly against the lens, thus changing the lens 
diameter and the axial length.“ 

Several anatomic factors contribute to the optical clarity of 
the vitreous. These include the small diameter of the vitreal 
collagen fibers, their wide dispersion in the vitreal cavity, and 
the largely acellular makeup of the vitreous.”*! Another impor- 
tant factor in optical clarity is the blood—vitreous barrier; it is 
believed HA acts as a barrier that prevents diffusion of macro- 
molecules and cells into the vitreous”! except in cases of 
trauma or cortex disruption. Inflammatory responses,™! neo- 
vascularization,” and collagenase activity” are likewise sup- 
pressed in the vitreous. As a result of these anatomic and 
physiologic properties, the vitreous transmits 90% of light at 
wavelengths between 300 and 1400 nm.” 

The vitreous also plays an important role in ocular metabo- 
lism. It serves as a storage site for retinal metabolites, includ- 
ing glycogen,” amino acids,” and potassium.” Retinal and 
lenticular waste products, including lactic acid”! and free rad- 
icals,”“* are also taken up by the vitreous, which thus serves to 
protect the lens and retina from toxic compounds. In the cow, 
these molecules (and water) can diffuse across the vitreous 
through pores that are 400 nm in diameter.” HA serves as a 
barrier to this diffusion process™*°; therefore, molecule size 
and HA concentration are two of the primary factors affecting 
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diffusion of molecules through the vitreous. A decrease in HA 
concentration, which results in vitreous liquefaction, will thus 
lead to an increase in particle diffusion through the vitreous. 
Therefore, pathologic or aging processes leading to a 
decreased HA concentration and vitreal liquefaction will 
affect the nutrient supply, waste removal, and drug delivery in 
the posterior segment of the eye. 

Perhaps the most important function of the vitreous is its 
mechanical role. The vitreous provides both mechanical and 
structural support to the lens and retina.*>! Furthermore, its 
viscoelastic properties protect the internal eye structures from 
trauma and stress, especially during rapid eye movement 
(REM). Concentrations of collagen and HA, as well as the 
nature of their cross-links, contribute to this viscoelasticity. 
For example, in humans, the concentration of vitreal HA and 
collagen is twice as high as that in the pig, and this corre- 
sponds to a 60% increase in the Spring constant of human 
versus porcine vitreous,” 


OCULAR MOTILITY 


As Chapter 4 discusses, high-resolution vision is subserved by 
a small section of the retina called the area centralis. Visual 
acuity as well as other parameters of vision (e.g., color per- 
ception) decrease rapidly in the more peripheral retina outside 
the area centralis. To keep an object of interest in the center of 
the visual field so that its image will stimulate the area cen- 
tralis (or fovea), vertebrates rely on the actions of seven 
extraocular muscles. 

Domestic species have four rectus extraocular muscles— 
dorsal (or superior), ventral (inferior), nasal (medial), and 
temporal (lateral)—all of which move the eye in those respec- 
tive directions. All four are innervated by the oculomotor 
nerve (CN III), except for the lateral rectus muscle, which is 
innervated by the abducens nerve (CN VI). Two oblique 
muscles are additionally present. The ventral oblique, which 
is innervated by the oculomotor nerve, pulls the ventral part of 
the eyeball both nasally and dorsally; the dorsal oblique, 
which is innervated by the trochlear nerve (CN IV), pulls the 
dorsal part of the eyeball both nasally and ventrally. The 
retractor bulbi, which is not present in all species, is inner- 
vated by the abducens nerve. 

The oculomotor nerve is usually thought to be strictly a 
motor nerve. In sheep, afferent nerves enter the brainstem 
through the oculomotor nerve.” These afferent nerves carry 
impulses (especially from the conjunctiva) to the brainstem, 
where the input influences the anterior body and neck 
muscles. The cell bodies of these afferents are located in the 
trigeminal semilunar ganglion. 

The extraocular muscles of the eyes of birds are similar to 
those of mammals, but there are no retractor bulbi muscles. 
Birds make obvious use of their upper body and neck muscles 
to obtain a spatial perspective of objects. The shapes of eye- 
balls also vary considerably among different species of birds. 
The eyeballs are relatively large, and the two eyes weigh 
almost as much as the brain.” 


The extraocular muscles of the dog, cat, and bird lack 
muscle spindles, whereas muscle spindles are present in the 
extraocular muscles of ruminants and the pig.” The functional 
significance of the absence of muscle spindles is not known, 
A motor axon innervates 5 to 10 muscle fibers in the extrinsic 
eye muscles, however, whereas thousands may be innervated by 
a single axon in skeletal muscles. This situation allows for finer 
control of eye muscles by the central nervous system. 

Eye movements are governed by two fundamental laws,*6 
The first, formulated by Sherrington, states that antagonistic 
muscles (in the same eye) have reciprocal innervation. In 
other words, stimulation of an agonistic muscle (e.g., medial 
rectus) occurs concurrently with inhibition of the antagonistic 
muscle (e.g., lateral rectus) in the same eye. The second goy- 
erns innervation of yoked muscle pairs (i.e., the two muscles 
responsible for moving both eyes in the same direction). In the 
19th century, Hering discovered that in mammals, yoked mus- 
cle pairs are always equally innervated; therefore, a lateral 
movement of the left eye will be accompanied by an identical, 
medial movement of the right eye. 

The seven extraocular muscles are responsible for numer- 
ous types of eye movements. Saccadic eye movements are 
very rapid (up to 1000°/sec) and very brief (<0.1 sec). They 
are intended for fast correction of eye position and rapidly 
bring the image of interest onto the area centralis. Thus, sac- 
cadic movements are used mostly when tracking a fast- 
moving object or to begin pursuit of a formerly stationary 
object. Once the image of the object has been “captured” by 
the area centralis, smooth pursuit eye movements are used to 
match the speed of the object and to maintain its image in the 
area centralis. Required minor corrections and adjustments 
are, again, executed by saccadic movements. This combina- 
tion of alternating rapid and slow eye movements is called the 
optokinetic nystagmus (discussed later), which can be used to 
track objects moving at speeds under 100°/sec.°’ Saccades 
and smooth pursuit constitute the two types of conjugate (or 
version) eye movements in which the two eyes move together 
without changing the angle between them. 

Vergence eye movements, in contrast, change the angle of 
intersection between the two eyes. These can be either conver- 
gent (1.e., increasing the angle between the visual axes to focus 
on a near target) or divergent (i.e., decreasing the angle 
between the visual axes to focus on a far target). Vergence 
movements are usually slow (<21°/sec), and they have two 
roles. The first is to aid in visualizing nearby objects, which is a 
process that combines convergent eye movement, accommoda- 
tion, and miosis. The second is to resolve any small misalign- 
ments between the two visual axes that otherwise may result in 
a disparity between the retinal images of the two eyes. 

The afferent stimulus for all these eye movements is the 
visualized object. If the head is moving, however, eye move- 
ment is controlled by a different afferent limb, which allows 
for a faster tracking response. In this case, the stimulus is the 
acceleration of the head. Linear acceleration stimulates the 
otoliths of the vestibular apparatus, and angular acceleration 
stimulates the hair cells of the semicircular canals. These 
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organs provide the afferent input for the vestibulo-ocular reflex 
(VOR), the neuronal pathways of which are discussed in detail 
in Chapter 29. The reflex produces immediate, but slow, eye 
movements, which compensate for movement of the head and 
help to keep the image stabilized on the area centralis. Thus, if 
the head moves up, the VOR moves the eyes down, and if the 
head moves to the left, the VOR moves the eyes to the right. It 
appears that the cat makes greater use than the dog of the VOR 
arc to follow moving objects. Comparison of the dog and cat 
when visually following a bouncing ball is most dramatic. 

Nystagmus is usually characterized by a rapid eyeball 
movement in one direction and a slow movement in the oppo- 
site direction. Nystagmus can be either horizontal or vertical. 
The types of nystagmus are categorized on the basis of their 
causes, and they include optokinetic, rotatory, postrotatory, 
ocular, caloric, galvanic, anesthetic, brainstem, cerebellar, and 
vestibular. 

In optokinetic nystagmus, the eyelids must be open, and the 
fast phase is opposite in direction to the movement of the 
visual stimuli. However, the visual stimuli can be moving with 
the head stationary, or the head and body can be moving with 
the visual stimuli stationary. In the latter case, the fast phase is 
in the same direction as the movement of the head. This can be 
used as an objective means of detecting vision in animals. 
Optokinetic nystagmus usually occurs in the horizontal plane 
and is less well substantiated in the vertical plane. In rotatory 
nystagmus, the fast phase is in the same direction as the rota- 
tion of the head. In postrotatory nystagmus, which is seen after 
rotation stops, the fast phase is opposite the direction of the 
rotation of the head. Postrotatory nystagmus lasts approxi- 
mately 10 seconds after rotation stops. In rotatory and postro- 
tatory nystagmus, the stimuli are acceleration and deceleration, 
respectively. At a constant rate of rotation, nystagmus does not 
occur if the lids are closed. Optokinetic nystagmus occurs if 
the eyelids are open. Ocular nystagmus is associated with con- 
genital blindness and has a wandering or searching movement 
of the eyes rather than the distinct fast and slow phases. Caloric 
nystagmus is elicited by placing warm (48°C) water or cold 
(18°C) water in one ear canal. Caloric nystagmus is elicited by 
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expansion or contraction of the endolymph in the semicircular 
canals adjacent to the ear canal.”4! Cold water in one ear usu- 
ally causes nystagmus to the opposite side; warm water causes 
nystagmus to the same side. Galvanic nystagmus results from 
galvanic (i.e., direct current) stimulation of the vestibular 
nerve. Nystagmus during induction of general anesthesia is the 
result of decreased inhibition of the brain centers that initiate 
nystagmus; brainstem, cerebellar, and vestibular nystagmus 
are caused by pathologic changes in the respective areas. Com- 
ponents of optokinetic, rotatory, and postrotatory nystagmus 
reflexes are shown in Table 3.14. By convention, the direction 
of nystagmus is indicated by the fast phase. 

There are several other types of eye movements. During cer- 
tain stages of sleep, REM occurs, usually in bursts lasting from 
5 to 60 minutes. Numerous REM bursts, which are traditionally 
associated with dreaming, may occur during a single sleep. 
Sleep patterns vary with age, however. Discrete eye movement 
bursts during certain stages of sleep are infrequent in newborn 
kittens, but after 3 weeks of age, adult patterns of sleep 
develop.” Another important class of movements are those 
that maintain eye position while gazing at a stationary target.*°° 
These movements are required to maintain fixation on the 
object even when both the observer and the target are immobile. 
Though slow drifts are also used for this purpose, position 
maintenance movements are usually characterized by their low 
magnitude (several minutes/arc) and high frequency (1-50 per 
second). Hence, they have also been called microsaccades or 
micronystagmus. 

Kittens are born with a divergent strabismus that is evident 
following eyelid opening at approximately 12 to 14 days post- 
natally. Normal interocular alignment, which depends on 
visual stimuli, develops during the second postnatal month.?° 
Crossed eyes (i.e., convergent strabismus), which is commonly 
seen in adult Siamese cats and certain albino mammals, results 
from a genetic neuroanatomic defect in the primary visual 
pathway that involves the retinogeniculate and the geniculo- 
cortical projections.”°!6 

The oculocardiac reflex may be stimulated by pressure on the 
globe, tension on the extraocular muscles or iris, or increased 


Table 3.14 Components of Optokinetic, Rotatory, and Postrotatory Nystagmus 


Optokinetic 
| Stimutus Visual 
Receptors Photoreceptors (rods and cones) 
Afferent pathway Optic nerve to occipital visual cortex 
and frontal visual cortex 
Efferent pathway Corticotectal and corticotegmental tract to oculomotor; 
abducens, and trochlear nerve via MLF 
Effectors Extraocular muscles (except retractor oculi) 
Response Saccadic eye movements (slow phase followed 
by a fast phase) 


Rotatory and Postrotatory 


Movement of endolymph in the semicircular canals 


Hair cells of the cupula 


Vestibular nerve (CN VIII) to vestibular nuclei 
and cerebellum 


Vestibular nuclei to oculomotor, abducens, 
and trochlear nerve via MLF 


Extraocular muscles (except retractor oculi) 


Saccadic eye movements (slow phase followed 
by a fast phase) | 


MLF, medial longitudinal fasciculus. 


The corticotectal tract mediates eye movements in nonorbital directions; the corticotegmental tract mediates horizontal eye movements via 


parameridian pontine reticular formation. 
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intraorbital pressure caused by injection, hemorrhage, or a 
foreign body. The oculocardiac reflex has been reported in 
humans, the dog, cat, horse, rabbit, mice, and a cockatiel.2?® 
Sensory stimulation of the eye and orbital areas results in stimu- 
lation of the vagal nucleus in the brainstem, thus causing a 
reflexive slowing of the heart. The afferent arc of the reflex 
involves the sensory branches of the ophthalmic division of the 
trigeminal nerve (CN V) to its sensory nucleus. The efferent arc 
is via the vagus nerve (CN X) to the heart. The most common 
effect of the reflex is bradycardia, but other clinically signifi- 
cant effects are cardiac arrest and ventricular fibrillation. 
Endotracheal intubation may cause vagal stimulation as well, 
resulting in similar reflexive cardiac alterations.“ This reflex 
may be evoked in conscious or lightly anesthetized animals. In 
the latter, hypoxia probably facilitates the reflex, which will 
induce fatigue after repeated stimulation. In the dog, as the IOP 
increases, the heart rate may also increase, thus indicating the 
possibility of an intraocular-sympathetic-cardiac reflex as well 
as a trigeminovagal reflex.” 
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Chapter 4 


Optics and Physiology of Vision 


Ron Ofri 


INTRODUCTION 


The aim of this chapter is to describe the physical, anatomical, 
and physiological aspects of the process of vision. With this 
aim in mind, the chapter has been divided into three parts. The 
first part is devoted to visual optics. It covers the physical 
changes that light undergoes during its passage through the 
various structures of the eye until it reaches the retina. Some 
readers may wonder at the amount of space that has been 
devoted to optical aberrations in the eye and to species we do 
not normally see in our clinic, such as fish and the penguin. 
However, understanding how various species cope with these 
aberrations, or with their unique habitat, is fundamental to the 
understanding of visual optics. 

The second part of this chapter describes what happens 
once light reaches the retina. This section is devoted to the 
neuronal processes of vision and describes the generation, 
processing, and propagation of the visual signal in the retina, 
visual pathways, and cortex. The final part of this chapter is 
devoted to visual perception. It describes how the optical and 
neuronal processes covered in the first two sections combine 
into a visual sensation, enabling the detection of movement, 
details, and color that make vision such a rich experience. 


VISUAL OPTICS 
Physical Optics 
Light 


The nature of light has long been a subject of controversy. 
Light has alternately been described as a wave (first proposed 
by Huygens in 1678) or as photon particles (first proposed by 
Newton in 1672). These descriptions are not mutually exclu- 
sive. Quantum optics, first proposed by Planck, use both mod- 
els to explain the dual nature of light and its interaction with 
matter. Both models also are applicable in the eye: the wave 
theory explains the physical changes light undergoes during 
its passage through the eye, and the particle theory explains 
the energy transformation that occurs when light strikes the 
photoreceptors. 


Light behaves as a wave as it passes through transparent 
media such as air, vacuum, or the visual axis of the eye. Much 
like a wave of water, a wave of light has two principal charac- 
teristics (Fig. 4.1). Its amplitude, A, is the maximum value of 
the field generated by the propagating wave; it determines the 
wave’s intensity. The wavelength, A, is the distance between 
adjacent wave crests; it determines the wave’s location in the 
electromagnetic spectrum. As Figure 4.2 shows, light, which is 
the visible portion of the electromagnetic spectrum, occupies a 
small fraction of that spectrum, which ranges from cosmic and 
gamma rays (A < 107!° meters) to power transmission (A > 10° 
meters). In humans, visible light normally ranges in wave- 
length from 390 (i.e., deep blue) to 760 (i.e., deep red) nm.! 
However, additional wavelengths, outside the 390 to 760 nm 
spectrum, can be seen by other species. For example, many 
avian species possess ultraviolet vision that allows them to 
detect light with à < 300 nm, thus enabling them to see hues 
that we cannot perceive.” This capability is used both in forag- 
ing and selection of mates.’ At the other end of the spectrum, 
fish living in black-water rivers, in which the maximally trans- 
mitted light is longer than 600 nm, have evolved infrared 
vision, enabling them to detect light with A > 760 nm that is 
prevalent in their environment.’ This is not to be confused with 
the infrared “vision” of snakes, however, which relies on the 
heat-detection properties of the pit organs.° 

On the other hand, light also possesses the properties of par- 
ticles, which manifest as it is generated (at the light source) and 
absorbed (e.g., by the retinal photoreceptors). These nonmater- 
ial particles, termed photons, represent quanta of energy that 
can be emitted or absorbed. The amount of energy in a given 
photon is inversely proportional to its wavelength; therefore, 
blue light, which has a shorter wavelength than red light 
(Fig. 4.2), possesses more energy than the latter. The light 
energy of the photon is absorbed by the visual chromophore 
molecule in the outer segment of the photoreceptor (provided 
that the chromophore is sensitive to that photon’s wavelength). 
This energy is then used to isomerize the chromophore (from 
11-cis-retinal into all-trans-retinal in the case of rhodopsin), 
thereby initiating conversion of a light stimulus into an electric 
signal. This process is called the phototransduction process and 
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Figure 4.1. Representation of light as a wave, which is characterized by 
two parameters. Its amplitude (A) is the maximum value the wave obtains as 
it propagates. Its wavelength (A) is the distance between two consecutive 
peaks. 


is discussed in detail later in this chapter. The particle nature of 
light also manifests in other clinically important processes. Flu- 
orescein molecules, for example, absorb photons of blue light 
and re-emit (i.e., fluoresce) photons with a lower energy content 
(in the yellow-green portion of the spectrum).! 


Photometry 


Photometry is the quantitative measurement of visible light. 
Photometry measures a number of interrelated properties of 
light, using a basic unit called a candela. Two important char- 
acteristics of light are its luminous intensity, which describes 
the intensity of a light source (as measured in candela), and its 
luminance, which describes its brightness reflected from a 
surface (as measured in foot-Lamberts or candela/m?). These 
two properties are related, but they are not necessarily propor- 
tional. A handheld penlight is a bright source of light, but it 
possesses low intensity and therefore cannot be used to illumi- 
nate a stadium. A streetlight provides high-intensity light, 
which illuminates a large area, but it is not bright and does not 
provide enough illumination to conduct cataract surgery. 
Table 4.1 provides the luminances of several common sources 
of light. Other important characteristics of light are its lumi- 
nous flux, which describes (as measured in lumens) the flow 


of light from a given point, and its illumination, which 
describes (as measured in foot-candles or lumens/m2) the 
luminous flux falling on the surface of a given area. 
Luminance is measured using photometers, which are 
divided into two major classes. Visual photometers provide 
a subjective reading, because the observer compares the 
illumination of the measured light with that of a standard 
light. Photoelectric photometers convert the measured light 
into an electric current, which is displayed by the instru- 
ment. Photometry measurements are extremely important in 
visual electrophysiologic recordings (e.g., electroretinogra- 
phy) because they are used to describe such variables as 
threshold, ambient light, and stimulus parameters. 


Transmission and Reflection 


As noted, humans see light with a wavelength of 390 to 760 
nm. This limitation is a result of two factors. The first is the 
absorption spectrum of the visual chromophore, discussed 
previously. The second limiting factor is the transmission, 
reflection, and attenuation of the various wavelengths by the 
ocular media. Transmission of light through the various ocular 
surfaces depends on several factors, and the two most signifi- 
cant are the wavelength of the light and the angle of incidence. 
In humans, radiation wavelengths of 300 to 2500 nm are trans- 
mitted through the cornea.® Not all wavelengths, however, are 
transmitted through the cornea equally. For example, the 
human cornea transmits from 95% to 98% of light in the 600- 
to 1000-nm range but only 80% to 94% of light in the 450- to 
600-nm range.’Transmittance through the human cornea is 
also affected by age.* In the rabbit, the cornea transmits 89% 
to 93% of the light at 370 to 500 nm, falling to 50% transmit- 
tance at 310 nm and 2% at wavelengths below 290 nm.’ 
Additional attenuation of transmission occurs inside the 
eye (Fig. 4.3). Even though light with wavelengths of up to 
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Figure 4.2. Spectrum of electromagnetic radiation. Most humans can see radiation with a wavelength of between 390 and 760 nm. (Reprinted with per- 
mission from Kaufman JE, Christensen JF, eds. JES Lighting Handbook, 5th ed. New York: Illuminating Engineering Society of North America, 1972.) 
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Table 4.1 Luminances of Natural and Artificial Light Sources? 


Source Luminance (cd/m2) 
Car light 107 
Incandescent tungsten lamp 405-107 
Fluorescent lamp 104108 

Clear sky at noon 104 

Full moon 103 

Street lamp 0.1-1.0 
Moonless night sky 103-10-6 


Adapted from Millodot M. Dictionary of Optometry and Visual Science, 
4th ed. Oxford; Butterworth Heinemann, 1997. 

aln general, only the photopic system is active at a luminance <10 
cd/m2; at a luminance >10 cd/m?, the scotopic system functions 
alone. Both systems are active at intermediate luminance values, 
which are defined as mesopic vision. 


2500 nm passes the cornea, there is barely any transmission of 
wavelengths greater than 1950 nm through the aqueous 
humor; and in humans, the lens only transmits wavelengths 
between 390 and 1400 nm.° In other words, the aqueous and 
lens act as color filters, preventing light with very short and 
very long wavelengths (which has passed the cornea) from 
reaching the retina. In this context, it is noteworthy that 
humans can detect ultraviolet radiation (A < 390 nm) follow- 
ing lens extraction, because the lens serves as a filter, blocking 
out light of shorter wavelengths.!° Even structures normally 
forgotten by clinicians, such as tear film!° and eyelids,!! act as 
color filters. Thus, when cumulative transmittances are calcu- 
lated for the successive components of the eye, a maximal 
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transmittance rate in humans of 84% is obtained for light in 
the 650- to 850-nm range.° Obviously, transmission will be 
further reduced by ocular opacities. Grade II nuclear cataracts 
in rats cause a 50% reduction in transmission of light com- 
pared with grade I cataracts.'* Furthermore, transmittance 
of light by the eye does not automatically result in vision, 
because transmitted radiation must be absorbed by a pho- 
topigment sensitive to that wavelength before the light can be 
seen. 

Ocular surfaces can also reflect back incoming light. Light 
that strikes a surface at an oblique angle is reflected back; it is 
not transmitted into the new medium. The critical angle for 
reflection is determined by the difference in the indices of 
refraction (discussed later) between the two mediums. Most 
of the reflection that takes place in the eye occurs at the cornea 
because of the large difference in refraction index between the 
cornea and air. Reflection that occurs at the cornea—air inter- 
face affects not only incoming light but also outgoing light. 
Thus, internal reflection of outgoing light back into the eye 
prevents the ophthalmologist from examining the iridocorneal 
angle. Goniolenses filled with fluid are used to decrease the 
difference in refraction indices between the cornea and air, 
thus increasing the critical angle and permitting rays emanat- 
ing from the iridocorneal angle to pass through the cornea.! 

Radiation that is not transmitted or reflected can be either 
scattered in the eye or absorbed by pigments. Foremost among 
these pigments are the photopigments of the photoreceptor 
outer segments, which absorb photons and thus initiate the 
visual process. Additional absorption processes in the eye 
may have clinical implications. Use of Nd:YAG lasers for 
cyclophotocoagulation'? or photocoagulation of intraocular 
tumors!* is based on the preferential absorbance of 1064-nm 
radiation by melanin-containing tissue. In addition, absorption 
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Figure 4.3. Transmittance rates of light through various structures of the human eye. A. Total light transmitted, including direct transmittance and scattered 
light, at each wavelength. B. Directly transmitted light, not including losses from reflection or scatter, at each wavelength. (Reprinted with permission from 
Boettner EA, Wolter JR. Transmission of the ocular media. Invest Ophthalmol 1962;1:776-783.) 
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of ultraviolet solar radiation has been implicated in diseases 
such as pannus in the dog, squamous cell carcinoma in cattle, 6 
and cataract and drusen formation in humans.!” 


Geometric Optics 
Refraction 


In vacuum, light travels at a constant speed (c) of approxi- 
mately 3 x 10° m/sec. As it strikes denser media, light under- 
goes three changes: 


1. Its velocity is reduced, 

2. Its wavelength shortens, and 

3. It is bent (unless it struck the surface of the medium at a 
90° angle). 


These changes are expressed in the equation: 
n= cv = MAn 


where n is the index of refraction (or bending); c and À are the 
speed and wavelength, respectively, in vacuum; and v and Am 
are the velocity and wavelength, respectively, in the new 
medium. The amount of refraction that occurs as light passes 
from one medium to another is described by Snell’s law 
(Fig. 4.4) and is determined by the angle of incidence and by 
the refractive indices of both media. Because various structures 
of the eye differ in their refraction indices, light is succes- 
sively refracted (bent) as it passes from air through the pre- 
corneal tear film, cornea, aqueous humor, lens, and vitreous 
on its way to the retina. 


n;sin i=n, sinr 


Figure 4.4. Refraction of light as it passes from one medium to another 
is governed by Snell's law. The angle of refraction (O) is a function of the 
angle of incidence (O) and the refractive indices of the two mediums. In this 
representation, n,< n, therefore, O> O, 


Vergence 


An object that bends (or refracts) light is called a lens. When a 
single ray of light strikes a lens, the ray undergoes simple 
refraction. Most objects or images, however, generate a pencil 
of light rays rather than a single ray. When a pencil of rays 
strikes a lens, they spread apart (i.e., diverge) or come together 
(i.e., converge) (Fig. 4.5). Divergence, or negative vergence, 
occurs when light strikes a concave lens; convergence, or pos- 
itive vergence, occurs when light strikes a convex lens. The 
vergence power (i.e., amount of bending) of a lens is meas- 
ured in units called diopters. One diopter (D) is the verging 
power of a lens with a focal length (f) of one meter. In broader 
terms: 


D=lf 


The focal length of a lens is the distance between the center 
of the lens and the point at which parallel rays of light are 
brought into focus by that lens. The focal length of a lens is 
directly proportional to its curvature radius. Therefore, the 
verging power (or the diopter power) of the lens increases 
as its curvature increases. As Figure 4.5 shows, a convex 
lens with a focal length of 0.1 m will have a power of +10 D 
(D = 1/f= 1/0.1 m = 10D). A flatter, convex lens with a focal 
length of 0.2 m will be “weaker,” with a power of +5 D (D= 
1/f = 1/0.2 m = 5D). A concave lens with a focal length of 0.2 
m will have a power of -5 D. The vergence powers of lenses in 
an optical system are additive. Thus, if the lenses in Figures 
4.5A and 4.5B were placed next to each other, the resulting 
optical system would have a theoretical power of +15 D. If all 


Figure 4.5. Refraction of light through various lenses. A. A spherical 
convex lens with a power of 10 D focuses parallel light rays at a distance of 
0.1 m. B. A flatter, spherical convex lens with a power of 5 D focuses paral- 
lel rays at a distance of 0.2 m. C. Parallel rays passing through a concave 
spherical lens diverge. A virtual image is formed by tracing back (dashed 
lines) the diverging rays. 


Refractive Refractive 
Structure Index Power (D) Reference 
Tears 1.336 43.02 18 
Cornea 1.376 42.38 22, 32 
Anterior surface 1.401 48.2 32 
Posterior surface 1.373 -5.9 32 
Lens 1.41 19.11 22 
Anterior surface 8.4 250 
Posterior surface 14.0 250 
Vitreous/aqueous 1.336 22 
k Retina 1.363 250 


three lenses in Figure 4.5 were united into one system, it 
would have a power of +10 D. This principle holds in the eye, 
because the refractive contributions of the successive ocular 
surfaces are added to form a focused image on the outer seg- 
ments of the photoreceptors. 

The positive power of the convex lens indicates that it forms a 
real image, which means that incoming rays from the object are 
converged and focused on the other side of the lens. The negative 
power of the concave lens indicates that it forms a virtual or aer- 
ial image, which means that the diverging rays are traced, using 
imaginary extensions, backward to a “focused” virtual image 
“located” on the same side of the lens as the object. These princi- 
ples are manifested in ophthalmoscopy. The direct ophthalmo- 
scope provides a real image of the patient’s fundus, whereas 
indirect ophthalmoscopy entails use of a handheld convex lens 
and therefore provides a virtual image of the fundus. 


Visual Optics 
Refractive Structures of the Eye 


As mentioned, light is successively refracted by the various 
ocular structures as it passes through the eye on its way to the 
retina. Table 4.2 lists the refractive indices and powers of vari- 
ous ocular surfaces in humans. The most anterior optical sur- 
face of the eye is the precorneal tear film. By strict definition, it 
could be argued that the tear film is the most refractive layer of 
the eye. This is because of the large difference in refractive 
indices as light passes from air, which has a refractive index of 
almost 1, into the tear film, which has a refractive index of 
1.336.'8 Factoring the refractive indices of air and the tear film 
into Snell’s law reveals that the precorneal tear film has a 
refractive power of 43 D.!8 Alterations in the composition!” or 
breakup time'® of the tear film may change the refractive power 
of the eye by as much as 1.3 D and may contribute to the blurry 
vision complaints commonly encountered in (human) dry eye 
patients.” The effect of tear deficiencies on the quality of 
vision in our animal patients has yet to be studied. 


Table 4.2 Refraction Constants in the Human Eye 


“The refractive power of the cornea and tears is not additive. Rather, 
that of the former arises from the latter and its interface with air. The 
net power of the tears and the anterior and posterior cornea is 43 D. 
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The cornea is the next organ through which incoming light 
passes. The corneal stroma has a refractive index of 1.376. 
Because this value is slightly higher than the refractive index of 
the tear film, passage of light from the tear film into the anterior 
layers of the cornea results in an additional 5 D of refractive 
power.”! However, these 5 D are “lost” when light passes from 
the posterior cornea into the aqueous humor, which has a 
refractive index nearly identical to that of the tears. When com- 
bined, the precorneal tear film and the cornea contribute a net 
refractive power of 43 D, which conventionally (though some- 
what erroneously) is attributed to the cornea (Table 4.2). 
Therefore, in humans, for example, the cornea contributes 
approximately 70% of the total 60 D power of the eye, thus 
making it our largest refractive organ.”! 

Another factor affecting the refractive power of the cornea, 
besides the refractive index, is its curvature. Because the 
cornea converges light, it acts as a convex lens. As stated ear- 
lier, the refractive power of such a lens depends to a large 
extent on its curvature radius. Therefore, in large eyes, which 
are characterized by flat corneas, the refractive power of the 
cornea is reduced. Conversely, in small eyes with spherical 
corneas, its power is increased. Table 4.3 shows the relation- 
ship between size of the eye and refractive power of the 
cornea in several species. Furthermore, the central and periph- 
eral corneas have different curvatures and consequently differ 
in their refractive powers (see “Spherical and Chromatic 
Aberrations” later in this chapter). 

As noted, the refraction that occurs as light passes from the 
cornea into the aqueous humor and during its passage through 
the aqueous has little overall significance. Therefore, the next 
significant refractive structure through which light passes 
after the cornea is the pupil. The pupillary aperture is not con- 
sidered to be a classic refractive structure, but it does make an 
important contribution to the resolving power of the eye. As 
the pupil dilates in dim light, the number of photons entering 
the eye increases, thereby also increasing retinal illumination. 
Mydriasis, however, also decreases the depth of focus of the 
eye. This is especially critical in animals with limited accom- 
modative capability (discussed later). The implication for 


Table 4.3 Eye Size and Corneal Power 


Axial Length Corneal Power 

Species (mm) (D) References 
Goldfish 4.2 129 (in air) 24 

Rat 6.3 112.7 24 

Rabbit 18.0 44.6 24 

Cat 21.3 43.0 251 

Dog 19.5-21.9 37.8-43.22 83, 91, 93 
Elephant 38.8 21.3 95 

Horse 43.7 15.7-19.5 74, 252 


The range of values in the dog probably reflects a breed difference, 
because larger breeds have flatter corneas.®° 
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such species is that as the pupil dilates, the range of distances 
at which objects remain in focus decreases. For example, with 
an eye that is focused at a distance of 1 m, objects at a distance 
of between 0.56 and 5.00 m will be in focus when pupil diam- 
eter is 1 mm; the range decreases to between 0.78 and 1.40 m 
when the pupil dilates to 4 mm.” Furthermore, as the pupil 
dilates, the relative significance of optical aberrations inherent 
in the eye increases (discussed later), thereby reducing its 
resolving power. Therefore, the pupillary light reflex is, in 
effect, a constant balancing of two conflicting requirements 
for vision: maximal retinal illumination and visual resolution. 
As a tule of thumb, constricting the pupil by half increases 
visual resolution by a factor of two.” 

The lens is another structure that makes a significant con- 
tribution to the overall refractive power of the eye (Tables 4.2 
and 4.4). As in the case of the cornea, the refractive power of 
the lens is determined both by its refractive index and its cur- 
vature. In humans and in many nonaquatic species, the refrac- 
tive index of the lens is ~1.41. Since this refractive index is 
relatively similar to that of the aqueous humor (range, in most 
species, 1.334-1.338),** the lens in these species has a rather 
low refractive power. In humans, the calculated refractive 
power of the lens is approximately 19 D.” The refractive 
index of the lens increases in aquatic species, where it can be 
as high as 1.65, resulting in significantly higher refractive 
power.” 

The second factor determining lenticular refractivity, the 
lens curvature, also differs between aquatic and nonaquatic 
species. Generally, it can be said that the lens is spherical in 
fish and aquatic mammals, while it is more discoid in terres- 
trial species.” Therefore, it will have a higher refractive 
power in the former compared to the latter (Table 4.4). The 
reasons for the effect of habitat on the refractive index and 
curvature of the lens are discussed later in this chapter. Of 
course, the curvature (and, hence, the refractive power) of the 
lens can also be changed actively through a process termed 
accommodation (see next section). 

Though usually forgotten by ophthalmologists, the vitre- 
ous also plays an important role in refractive development of 
the eye. Vitreous elongation increases the axial length of the 
eye, thereby increasing the refractive path of light and induc- 
ing myopia. In certain species of fish, this mechanism serves 


Table 4.4 Lens Power and Refractive Indices 


~ 
Lens Refractive 

Species Power (D) Index References 
Rat 243.9 1.683 24 

Rabbit 75.0 1.6 24 

Cat 52.9 1.554 24 

Dog 41.52 84 

Horse 14.9-15.4 1.42 252 


aValue in the dog is based on dioptric strength of intraocular lens 
needed to regain emmetropia in aphakic dogs. 


to increase ocular refraction and compensate for loss of 
corneal refractive power. In different goldfish strains, for 
example, the vitreous body can contribute anywhere from 
37% to 70% of the total axial length of the eye.’ In visual- 
deprivation studies conducted during critical developmental 
periods in species as diverse as chickens,” fish,*° and tree 
shrews,*! the deprivation-induced myopia also was a result of 
elongation of the vitreous body. 

It should be noted that light is also refracted during its pas- 
sage through ocular structures such as the cornea and lens, not 
just at their interface with other structures. This refraction 
results from changes in refractive indices in various layers of 
these structures. Some of these refractive gradients are probably 
too small to affect the overall optical performance of the eye, 
however. For example, refractive indices in the various corneal 
layers ranges from 1.401 to 1.373 D in humans,” whereas the 
rat retina has a refractive range of 1.369 to 1.385 D.* In other 
cases, however, regional differences are significant and must be 
taken into account; for example, in the goldfish eye, the refrac- 
tive indices of the lens cortex and nucleus are 1.35 and 1.57 D, 
respectively.*# 


Accommodation 


Accommodation is a rapid change in the refractive power of 
the eye, which is intended to bring the images of objects at dif- 
ferent distances into focus on the retina. The stimulus for the 
accommodative response is a blurred, or defocused, retinal 
image.*> Eyes of vertebrates accommodate by one or more of 
the following mechanisms: changing the corneal curvature, 
changing the distance between the cornea and retina, chang- 
ing the curvature or position of the lens, or having two or more 
separate optical pathways of different refractive powers.*° 
Humans and other primates accommodate by changing 
the curvature of the lens. To view distant objects, sympathetic 
innervation induces relaxation of the ciliary body muscle, 
which in turn leads to stretching of the lens zonules. The 
increased tension of the zonules results in a greater pull on 
the lens capsule, thus causing the lens to become more dis- 
coid and decreasing its overall axial thickness and refractive 
power in a process of disaccommodation.* To accommodate 
for near objects, the reverse process takes place. Parasympa- 
thetic input induces contraction of the ciliary body muscles, 
leading to relaxation of the zonular fibers and reduced tension 
on the lens capsule. In turn, this liberates the inherent elastic- 
ity of the lens, resulting in a more spheroid lens possessing 
greater axial thickness and refractive power.”4°° These 
changes in lenticular curvature allow primates such as the 
young (<5 years) rhesus monkey to accommodate by as much 
as 34 D.’ As the animal ages, however, it gradually loses its 
accommodative capability in a process termed presbyopia, 
and monkeys older than 25 years can accommodate only to 
an average of 5 D.” A similar and dramatic reduction has 
been reported in the chicken, as lenticular accommodation 
decreases from more than 20 D at hatching to less than 5 D at 
one year of age.*® Mechanisms proposed for presbyopia 
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include reduction in ciliary muscle contractility, changes in 
the refractive index of the lens, age-related changes in the rel- 
ative position of the lens and ciliary body, and loss of the lens 
capsule and lens fiber elasticity.*°7°+! 

As with most other aspects of vision research, the mam- 
malian species in which accommodative capabilities have 
been studied most extensively is the cat. The elasticity of the 
feline lens capsule is 5% of the elasticity in humans; thus, the 
cat obviously does not accommodate by changing its lens cur- 
vature.“® Instead, translation (i.e., the anteroposterior move- 
ment of the entire lens) is responsible for accommodative 
changes in the feline eye. This movement is made possible 
by the relative abundance of meridional (i.e., longitudinal) 
fibers in the feline ciliary body muscle and by the relative 
scarcity of circular fibers, which predominate in primates.“ 
Parasympathetic stimulation of the meridional muscle fibers 
in the cat results in forward displacement of the lens by up to 
0.6 mm,* thus inducing anywhere between 2 and 8 D of 
accommodation. The dog’s accommodative power is report- 
edly lower, only 1 to 3 D in range.”4*° However, in other carni- 
vores, the same mechanism is used to achieve a significantly 
greater magnitude of accommodation (usually associated with 
primates). Forward lens movement in the raccoon induces 
accommodation of up to 19 D, which is the greatest accom- 
modative capability of any nonprimate, terrestrial mammal 
studied.“ A similar wide range of accommodative capability 
also exists in other closely related species. For example, the 
grey squirrel does not accommodate,’ whereas the California 
ground squirrel can accommodate up to 6 D.® It should be 
noted that lens displacement in mammals results from ciliary 
muscle contraction, but in fish, such displacement is affected 
by a specialized smooth muscle, the retractor lentis.°°>! 

Rodents and ungulates are generally described as lacking 
accommodative capability.”^5? In the former, this lack of 
accommodation is explained by the absence of a well-defined 
ciliary muscle,” though the small pupil size in species such as 
the rat does provide these animals with a great depth of 
focus.** Lack of accommodation in ungulates,”*>? some of 
which possess a more developed ciliary muscle,°?*> is more 
difficult to explain and may account for the low visual acuity 
in such species as the cow.’ The horse has a much higher 
visual acuity than the cow, but its accommodative power is 
also limited to plus or minus 1 D in either direction.’ 

Another species in which accommodation has been studied 
extensively is the chicken, which employs several accom- 
modative mechanisms. Lenticular accommodation in the 
chicken is achieved when the ciliary or peripheral iris? 
muscles contract. This contraction is transmitted through the 
ciliary processes and results in changes similar to those that 
occur in primates. These changes include thickening of the 
lens by 0.2 mm,” steepening of its curvature, and a bulging of 
the lens into both the anterior and vitreous chambers (thereby 
reducing their depths). However, unlike mammals, chickens 
also possess a mechanism for changing the corneal curvature. 
Just like lenticular accommodation, corneal accommodation 
in the chicken also results from ciliary muscle contraction, 
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which flattens the peripheral cornea and increases the curva- 
ture of the central cornea.°!? Corneal accommodation is 
reported to play an important role in chicken accommodation, 
contributing 8 to 9 D compared to 15 to 19 D of lenticular 
accommodation,“ though other researchers claim the con- 
tribution is insignificant.™ Changes in intraocular pressure do 
not contribute to lenticular accommodation in the chicken,’ 
but they may contribute to changes in refractive power 
brought about by choroidal stretching.® It should be noted 
that the chicken, as well as other avian and reptile species, 
may accommodate independently in both eyes, resulting in 
anisometropia (i.e., unequal degree of refraction in the two 
eyes) of up to 6 D.6667 


Abnormal Refractive States and Optical Errors 


The “purpose” of refraction and the accommodative processes 
described in the previous sections is to focus an image on the 
outer segments of the photoreceptors. 


Emmetropia and Ametropia 


An emmetropic eye is one in which parallel light rays (from a 
distant object) are focused on the outer segments when the eye 
is at rest. A nonemmetropic, or ametropic, eye is one in which 
the focused image (from a distant object) falls anterior to the 
retina (i.e., nearsighted or myopic eye) or posterior to it (i.e., 
farsighted or hypermetropic eye) (Fig. 4.6). 


Emmetropia 


Hypermetropia 


Mvonia 


Figure 4.6. In emmetropia, parallel light rays are focused on the retina. In 
hypermetropia, light rays are focused behind the retina. In myopia, the light 
is focused in front of the retina. (Reprinted with permission from Guyton AC. 
Textbook of Medical Physiology. 7th ed. Philadelphia: WB Saunders, 1986.) 
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Retinoscopy is the most commonly used method to deter- 
mine the refractive state of the eye. It is based on two assump- 
tions: first, that light emerging from the eye (i.e., emergent rays) 
follows the same optical path as light entering the eye; and 
second, that the fundus reflex originates at the level of the outer 
segments. If those two assumptions hold, then emergent rays 
exit an emmetropic eye as parallel rays, a hypermetropic eye as 
diverging rays, and a myopic eye as converging rays.°* There- 
fore, the location of the focal point formed by the emergent rays 
can be used to determine the refractive state of the eye.°® 

However, it should be noted that the second assumption is 
not completely accurate. The fundus reflex does not originate at 
the outer segments but closer to the observer, at the level of the 
inner limiting membrane.” Thus, there is a gap (equal to the 
thickness of the retina) between the point at which we actually 
measure the reflected light and the point at which we should 
measure it. This gap, termed the artefact of retinoscopy, results 
in shifting refraction values in the direction of hypermetropia 
and needs to be corrected using an established formula.” This 
error is relatively minor (+0.25 D) in young humans,” but it 
becomes significant in small eyes, reaching values as high as 
+10 and +11 D in the rat and the gerbil, respectively.” 

Table 4.5 lists refractive values in various species. Few 
species are truly emmetropic, though once the values are cor- 
rected for eye size, many terrestrial species are within 1 D of 
emmetropia. In general, most mammals are within plus or minus 
1 D of emmetropia.” Most selachians, amphibians, and 
snakes tend to be somewhat hypermetropic, while most 
cyclostomes and teleosts are myopic.” There is a large variabil- 
ity, however, in the refractive values reported for some species. 
For example, reported values for the rat range from —13 D (i.e., 
myopic) to 20 D (i.e., hypermetropic),”* and in the horse, the 
reported range is —3 to 3 D.” Such variation can be explained by 
the method used to refract the eye, skill of the examiner, accom- 
modative state of both the animal and the examiner, sample size, 
and failure to correct for the artefact of retinoscopy. Results may 
also be influenced by breed and age (Table 4.5), habitat, 576 or 
working environment.” It should be noted, however, that 
ametropia is not necessarily an evolutionary disadvantage. For 
example, animals dealing with close objects may find it advanta- 
geous to possess myopic refraction if it is combined with an 
accommodative mechanism permitting reflex emmetropia.”* 

Ametropia has also been induced in a number of experi- 
mental animals, including chickens,” fish,*° tree shrews,°! 
squirrels,** cats” and marmosets.” Ametropia is induced by 
visual deprivation in young animals, before the eye has com- 
pleted its development. Methods of inducing deprivation 
include lid suturing?! and use of refractive contact lenses to 
degrade the quality of the retinal image.’*:”’ Visual deprivation 
leads to progressive axial elongation of the vitreous body and 
the eye, thereby inducing myopia. Additional anatomic 
changes in the eye induced by visual deprivation include a 
shallow anterior chamber, thinner lens, and changes in corneal 
curvature.*! The aim of these experiments is to develop animal 
models for the study of the pathogenesis of myopia in 
humans, particularly for deprivation myopia in children born 
with various ocular opacities.*° 


Table 4.5 Refractive Values in Selected Animal Species 


[ Species Refractive Value (D) References 
Cat 
Street cat -0.8 75 
Laboratory cats +1.4 75 
Dog 
Mean value —0.27-(-0.39) 76,77 
Indoor dogs -0.64 76 
Outdoor dogs +0.17 76 
Brachycephalic +0.23 76 
Mesaticephalic -0.62 76 
Dolichocephalic -0.20 76 
Small breeds —0.58 76 
Medium breeds —0.66 76 
Large breeds +0.13 76 
Horse +0.33 106 
Asian elephant +0.23 95 
Thomson Gazelle 
Newborn +3.44 96 
Age 50 days +0.13 96 
Rhinoceros +1.08 272 
Rabbit +0.5 253 
Ostrich 
At hatching —4.5 72 
Age 7 days +0.4 V2 
Chicken 
At hatching +6.5 254 
14 days +2.0—(-0.5) 254 
Adult —0.20 79 
Penguin 
In water +8.0-(+13.0) 113 
In air +0.25-(—1.75) 113 
Hooded seal 
In water +2.0-(+3.0) 273 
In air —2.0—-(-4.0) 273 


Aphakic Eyes and Intraocular Lenses 


Because of the significant refractive role of the lens, cataract 
surgery (or any surgical lens extraction) resulting in aphakia 
leaves the eye severely hypermetropic. The aphakic eye lacks 
the refractive contribution of the lens; therefore, light is not 
sufficiently refracted, resulting in an image formation 
“behind” the retina. Since the early 1980s, veterinary ophthal- 
mologists have sought to alleviate this problem by implanting 
intraocular lenses (IOLs) in the eyes of dogs following 
cataract extraction. The purpose is to compensate for loss of 
refraction by the lens, thereby returning the eye to an 
emmetropic state. Early attempts using 14.5- to 29.0-D IOLs 
left the eyes hypermetropic.*!*’ Today, following the results 
of studies involving large numbers of dogs of various breeds, 
the consensus is the ideal IOL for dogs should have a power of 


i 
5 
zi 
4 
$ 


40.0 to 41.5 D.”°**** The 1.5-D range of recommended values 
probably results from breed differences (Table 4.5).”°** How- 
ever, it is important to note that though 41-D IOLs are used to 
bring aphakic dogs to emmetropia, this does not mean that 
aphakic dogs suffer from hypermetropia of 41 D. Indeed, the 
hypermetropia in aphakic dogs has been shown to range from 
14.4 to 15.2 D.*3 The reason that a 41-D IOL is needed to 
correct 15 D of hypermetropia is that an IOL is placed in the 
capsular bag, surrounded by aqueous humor. This environ- 
ment results in a reduction of its overall refractive power (due 
to the small difference in refractive indices between the aque- 
ous humor and the IOL), and therefore this power has to be 
higher than the aphakia it is intended to resolve. If dogs were 
to be fitted with spectacles to correct aphakia, then indeed 
these spectacles would require 15-D lenses! 

Future directions for IOL implants likely will include devel- 
opment of implants for additional species and implants with 
accommodative capability. Preliminary results in the cat indi- 
cate that IOLs for this species should have a strength of 52 to 
53 D.* A pilot study in the horse concluded that an IOL of 22.5 
D overcorrects the aphakic equine eye.*° Additional develop- 
ments being studied include IOLs with accommodative capabil- 
ities. In species that accommodate through changes in lens 
curvature, accommodative capability can be restored by 
implanting an endocapsular inflatable balloon; the balloon is 
then inflated with silicone liquid or gel. This technique, which 
has been successful in the rabbit,” pig,** and macaque," 
enables the animal to accommodate up to 6 D. Bifocal implants 
are also being designed.” Ideally, in the near future, every 
cataractous animal patient will be refracted and fitted with an 
appropriate IOL that will bring the eye to an emmetropic state. 

Though veterinary ophthalmologists have made significant 
progress in improving refraction of aphakic animals, little 
attention has been paid to improved refraction in phakic 
animals. Various surgical techniques, mostly involving use of 
lasers, are used to correct ametropia and astigmatism in 
humans, and preliminary work shows that some of these tech- 
niques are applicable in the dog,”! thus opening the door to 
future research in this area. 


Astigmatism 


Astigmatism is a state of unequal refraction of light along the 
different meridians of the eye. Normally, a given refractive 
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structure of the eye (e.g., the cornea) has a constant curvature 
radius in all its meridians (though the cornea may flatten 
toward the limbus). Astigmatism occurs when one of the ocular 
refractive structures (or the retina) has different curvature radii 
along its different meridians. Because of these differing curva- 
tures, light entering the eye through the vertical meridian may 
be refracted more (i.e., direct, or with-the-rule, astigmatism) or 
less (i.e., inverse, or against-the-rule, astigmatism) than light 
entering through the horizontal meridian. Therefore, light 
entering along one meridian will be focused on the retina and 
result in high-resolution vision, whereas light along another 
meridian will be unfocused, leading to low-resolution vision 
(Fig. 4.7). Such an aberration is corrected with a cylindrical 
lens rather than with a spherical lens that is used to correct 
ametropia. In humans, most cases of astigmatism result from 
abnormalities in the anterior surface of the cornea; of these, 
90% are direct astigmatism. Only a minority of cases result 
from lenticular or posterior corneal surface abnormalities.” 

Some pathologic processes may induce astigmatism. 
Corneal disease resulting in edema or scarring will inevitably 
lead to an uneven corneal surface, resulting in astigmatism. 
Focal cataracts will cause refractive astigmatism because of 
variations in refractivity among different lenticular zones.” In 
addition, cataract surgery,” penetrating keratoplasty, and 
other procedures that involve incising and suturing of the 
cornea may result in astigmatism because of imperfect align- 
ment of wound edges; however, such surgically induced astig- 
matism frequently resolves over time.%°4 Noteworthy 
astigmatism has been described in some wildlife species, 
including the Asian elephant’? and the newborn gazelle,” 
though its significance is unknown. 

However, in most cases, astigmatism in the animal kingdom 
is physiologic rather than pathologic. Several avian species, 
including the pigeon,” chicken,” crane, and quail,’ as well 
as several amphibian species, including the frog and toad,” 
possess lower-field myopia. In these species, the astigmatism 
helps the animal match the average viewing distances of differ- 
ent areas of the visual field.” The eyes of these animals are 
emmetropic along the horizontal and in the upper visual field, 
but they become progressively myopic below the horizontal. 
This allows the animal to keep the ground in focus while forag- 
ing for food and, at the same time, monitor the sky for preda- 
tors.”8:! This may be why predators such as raptors do not 
possess this adaptation.!®° The same principle is also found in 


Figure 4.7. A. A normal eye can see focused horizontal and vertical lines. B and C. An astigmatic eye will see a focused line in one orientation and a 
blurred line along the perpendicular axis. (Modified from Duke-Elder S. System of Ophthalmology. Vol V. Ophthalmic Optics and Refraction. London: Henry 


Kimpton, 1970.) 
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Figure 4.8. Spherical aberrations occur when light passes through the lens (A) and cornea (B). In both cases, peripheral rays are refracted (bent) more 
than central rays. Therefore, the focal point of the peripheral rays is closer to the lens/cornea than the focal point of the peripheral rays, resulting in a blurred 
image. The distance between the two focal points is called spherical aberration and is measured in diopters (D). 


eyes of partially aquatic mammals, such as the dolphin,!°! 
harbor seal,! and harbor porpoise.' Regional changes in 
the refractive powers of different parts of the cornea allow 
these animals to maintain high-resolution vision in both water 
and air. Therefore, physiologic astigmatism may be an evolu- 
tionary mechanism helping animals to improve their spatial- 
resolution capabilities in different environments. "° 

The horse was also believed to possess a similar, passive 
“accommodating” mechanism, resulting from a nonsymmetri- 
cal eye shape. According to the ramp retina theory, the superior 
retina was believed to be farther from the lens than the inferior 
retina. Therefore, the horse would raise its head to view distant 
objects and lower it to view nearby objects.!°:'°° Anatomical 
measurements have now discredited this theory,>’!°° and the 
horse is believed to possess an active (though limited) accom- 
modation mechanism of 1 to 2 D.°’!° The head movement 
previously associated with this behavioral “focusing” is now 
believed to occur when the horse is interchanging monocular 
and binocular visual fields.!° 


Spherical and Chromatic Aberrations 


The eye is not a perfect optical system. Indeed, Duke-Elder 
quotes Hermann von Helmholtz, the 19th-century German 
physicist who invented the ophthalmoscope, as saying that “if 
an optician should try to sell me an instrument possessing such 
faults, I would feel justified in using the most severe language 
with regard to the carelessness of his work and return the 
instrument under protest.”** Two of the most significant optical 
problems that affect the eye are spherical and chromatic aber- 
rations. Positive spherical aberrations occur because in both 
the cornea and the lens, rays passing through the periphery are 
refracted more than rays passing through the center. Therefore, 
rays passing through the periphery are focused closer to the 
cornea (or lens) than rays passing through its center (Fig. 4.8). 
In other words, the focusing of rays depicted in Figure 4.5 is an 
“ideal” refraction that does not take place in the eye. The dif- 
ference between the focal points of the peripheral and central 
rays, the spherical aberration, is measured in diopters. 

Both the cornea and the lens possess anatomical adaptations 
that are intended to minimize the extent of their inherent spherical 


aberrations. In the lens, the higher refractive index of the lenticu- 
lar nucleus increases the refractive power of the central lens. This 
results in moving its focal point closer to the lens, closer to the 
focal point of the peripheral lens. A gradient variation in the 
refractive index of the lens would result in the formation of a mul- 
tifocal lens, with further attenuation of the spherical aberration 
(Fig. 4.9). Corneal spherical aberrations are minimized because 
the peripheral cornea is flatter than the central (apical) cornea. 
This decreases the refractive power of the peripheral cornea and 
moves its focal point away from the cornea and closer to that of 
the central cornea. Therefore, refractive surgeons attach great 
importance to centering the apical cornea so that the aberration- 
free zone is aligned with the pupil, thereby contributing to a high- 
quality retinal image.”! The possible effects of corneoscleral 
transpositions on visual optics in our animal patients have yet to 
be investigated, 

Another structure that plays a critical role in reducing 
spherical aberrations is the pupil. Contraction of the pupil 
blocks rays of light that entered the eye through the most 
peripheral (and refractive) cornea. It also prevents light from 
passing through the peripheral lens. Thus, miosis allows only 


Figure 4.9. Multifocal lenses reduce the amount of spherical aberrations. 
A higher refractive index of the lens nucleus causes increased refraction of 
the central light rays (compared to the refraction of the central rays in Figure 
4.8A). Consequently, the focal point of the central rays is shifted closer to 
the lens and closer to the focal point of the peripheral rays, thus eliminating 
the spherical aberrations seen in Figure 4.8A. 
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Figure 4.10. Pupillary diameter affects the magnitude of spherical aberrations. A miotic pupil (A) blocks the peripheral rays, thereby eliminating the spher- 
ical aberrations. Only central rays reach the retina, resulting in a focused image. A mydriatic pupil (B) admits peripheral rays into the eye, thereby increasing 
the amount of spherical aberrations. Fig 4.10B is the basis for the blurred vision experienced following pharmacological dilation of the pupil. 


rays that pass through the central cornea and lens to reach the 
retina, and thereby it contributes to the formation of a well- 
focused image (Fig. 4.10A). A mydriatic pupil, on the other 
hand, allows more peripheral rays to enter the eye, and their 
passage through the peripheral cornea and lens increases the 
amount of spherical aberrations (Fig 4.10B). In humans, an 
8 mm pupil induces 1 D of spherical aberrations,!®” which is 
the reason for the significant blurring of vision that we experi- 
ence after our pupils have been pharmacologically dilated. 
Chromatic aberrations result from the fact that the refrac- 
tive index n (see equation on page 184), is not constant, but 
rather is wavelength dependent. Once again, therefore, the dia- 
gram in Figure 4.5 is somewhat misleading because it portrays 
an ideal situation pertaining to monochromatic light. However, 
when white light enters a prism (or a lens), each wavelength 
contained in that light is refracted by a different amount. The 
n,, of a given wavelength is inversely proportional to À. There- 
fore, waves with a short wavelength (e.g., blue light) have a 


(a) 


Figure 4.11A. Chromatic aberrations in the lens. White light is composed 
of numerous wavelengths, each of which is characterized by a different 
refractive index (n,,)- Light with a short wavelength (e.g., blue light) has a 
higher n, than light with a long wavelength (e.g., red light). Consequently, 
blue light will be more refracted than red light, and its focal point will be closer 
to the lens. The distance between the focal points of the short and long wave- 
lengths is the chromatic aberration; this distance is measured in diopters. 


higher n,, than waves with a long wavelength (e.g., red light). 
Consequently, blue light will be more refracted than red light, 
and its focal point will be closer to the lens (Fig 4.11A). The 
distance between the focal points of the short and long wave- 
lengths is the chromatic aberration, and once again, this dis- 
tance is measured in diopters. 

As in the case of spherical aberrations, anatomical adapta- 
tions may contribute to decreasing the effect of the chromatic 
aberrations. For example, fish have been shown to possess 
multifocal lenses consisting of concentric rings of differing 
refractive properties. Thus, blue light passing through one 
ring will be less refracted than red light passing through 
another ring, thereby compensating for the blue light’s higher 
n „ Consequently, the image formed on the retina will be chro- 
matically focused (Fig. 4.11B). Obviously, chromatic aberra- 
tions are less significant in species that have limited color 
vision because some of the defocused wavelengths may not be 
absorbed by the photoreceptors and hence are not perceived. 
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Figure 4.11B. Multifocal lenses reduce the magnitude of chromatic aberra- 
tions. A higher refractive index of the lens nucleus causes increased refraction 
of the red light (compared to its reduced refraction in Figure 4.11A). Conse- 
quently, the focal point of the red light is shifted closer to the lens and closer to 
the focal point of the blue light, thus eliminating the chromatic aberrations seen 
in Figure 4.11A. 
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Thus, in many of our animal patients who have dichromatic 
vision (see subsequent text), it is possible that this aberration 
has minor functional implications. 

It is interesting to note that in terrestrial species, multifocal 
lenses consisting of concentric refractive rings can be found in 
those species in which the miotic pupil is not round.'°* Such a 
lens has been demonstrated, for example, in the domestic cat. 
The vertical slit shape of the cat’s miotic pupil allows light to 
pass through both the (more refractive) peripheral and (less 
refractive) central lens during constriction. Therefore, even dur- 
ing miosis, the cat continues to benefit from the advantage of a 
multifocal lens. On the other hand, in the closely related tiger, a 
round pupil is associated with a monofocal lens, so that no opti- 
cal properties of the lens are “lost” when the pupil constricts.' 


Emmetropia Under Water 


In aquatic species, the cornea is in contact with water rather 
than air. Because of the very small (~0.003) difference 
between the refractive indices of the cornea and water, the 
cornea of these species has virtually no refractive power. Fish 
are forced to compensate for this absence by increasing the 


refractive power of other ocular structures, usually the lens. 
For this reason, as noted earlier, the lenses of fish eyes are very 
spherical. Their increased curvature results in significantly 
larger refractive power. Biochemical changes in lenticular 
proteins also increase the refractive index of the fish lens, 
thereby contributing to significant refraction as light passes 
from the aqueous humor into the lens.'!° These evolutionary 
adaptations can increase the refractive power of the lens to as 
much as 500 D!'"' If it were not for these two lenticular adap. 
tations, the absence of corneal refraction would cause fish to 
be severely hypermetropic under water. 

The problem of refraction under water is further compli- 
cated in species that move in and out of water because it is 
physically impossible for an eye to be emmetropic both in air 
and under water (Fig. 4.12). Eyes that are emmetropic in the 
air will be hypermetropic under water because the refractive 
power of the cornea is lost due to its submersion in water, 
Conversely, eyes that are emmetropic under water become 
extremely myopic in the air because the cornea (due to Snell’s 
law) contributes refraction that the eye did not possess under 
water (compare values for penguins and seals in Table 4.5), 
Therefore, species that live and function in both habitats must 
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Figure 4.12. No eye can be emmetropic both in air and under water. An eye of terrestrial animals, which is emmetropic in an aerial environment, loses the refrac- 
tive contribution of the cornea under water and becomes farsighted (top panel). An eye of a fish that is emmetropic under water becomes severely nearsighted 
(myopic) in the air because it “gained” corneal refraction that it did not possess under water (bottom panel). Note the difference in shapes of the lenses between the 
two species. The lens of the fish is more spherical in order to increase its refractive power (to compensate for the absence of corneal refraction under water). 
(Reprinted with permission from Sivak JG, Millodot M. Optical performance of the penguin eye in air and water. J Comp Physiol 1977;119:241—-247.) 
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“choose” whether they will be emmetropic in the air or under 
water. It is very interesting to observe that both of these evolu- 
tionary strategies exist in the animal kingdom. Birds that hunt 
under water, such as cormorants!’? and penguins,!!*''* are 
emmetropic in the air (Table 4.5). These species overcome the 
resulting underwater hyperopia by increasing the accom- 
modative power of the lens. During accommodation in the 
cormorant, for example, the lens bulges through the pupil, 
forming a lenticonus that increases the lenticular optical path- 
way and refractive power.''? This gives the lens in some div- 
ing birds an accommodative power of 60 D and an incredible 
accommodation rate of more than 600 D/sec, 10 times as fast 
as nondiving birds.!!? 

On the other hand, many aquatic mammals developed an 
opposing evolutionary strategy. Sea lions, harbor seals, and 
other Pinnipeds are emmetropic under water. Consequently, 
these animals.become severely myopic when they come out of 
the water to breath. Various mechanisms have evolved to make 
up for the increased refractive power of the eye in an aerial 
environment. In some dolphin species, a specialized, flattened 
region with very low refractive power has evolved in the nasal 
cornea, providing for focused aerial vision, whereas the rest of 
the cornea is convex, providing for underwater vision. The 
animal shifts its head as it exits the water to allow light to enter 
through the flat “‘window.”!°! A similar solution, with different 
curvatures in different regions of the cornea, has evolved in 
both harbor seals!” and harbor porpoises.!°? As the animal 
moves from water to air, the resulting miosis allows the iris to 
block light from highly refractive quadrants of the cornea 
from entering the eye; under water, mydriasis allows light 
from these quadrants to enter the eye. In penguins, the entire 
cornea is flat, thus minimizing the alteration in refractive state 
when moving from air to water. In these animals, the cornea is 
the major refractory organ on land, and lens accommodation 
provides for underwater refraction.!!*!!4 More primitive 
amphibians (e.g., crocodiles) that lack this compensatory 
accommodative capability simply cannot focus when sub- 
merged and rely on other senses when hunting under water.!!5 


VISUAL PROCESSING: FROM 
PHOTORECEPTORS TO CORTEX 


The Retina 
Visual Pigments 


The process of vision begins with absorption of a photon by a 
photopigment in the outer segment of the photoreceptor. A 
visual photopigment consists of two parts. The first is a vita- 
min A,—derived chromophore molecule, 11-cis-retinaldehyde 
(i.e., retinal). This molecule can be found in both rod and cone 
photopigment. The second component of the photopigment is 
opsin, which is an apo-protein that determines the wavelength 
of the photon the pigment will absorb. This part of the pho- 
topigment differs between cones and rods, and between differ- 
ent types of cones (see “Color Vision” later in this chapter). 
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Most of our understanding about the processes occurring in 
the outer segments comes from studying rhodopsin, which is 
the photopigment of rods. Rhodopsin is an integral part of the 
membrane of the outer segment discs, and it is estimated that 
each rod has approximately 10° rhodopsin molecules.!!° 
Rhodopsin is a long polypeptide chain (molecular weight, 
27,000-40,000 d) that traverses the disc membrane as a 
helix.!!7-1!8 As a photon is absorbed by the pigment, 60% of its 
energy is transferred to the molecule.'! This energy is then 
used to initiate a chain bleaching reaction, which results in the 
breaking off of opsin and the photoisomerization of the chro- 
mophore (through several intermediate compounds) into all- 
trans-retinaldehyde, or R* (Fig. 4.13). This bleaching process 
(so called because it results in loss of color by the molecule) 
can be recorded as the early receptor potential. 

In most mammals studied to date, maximal absorption by 
rhodopsin occurs at between 495 and 500 nm, thus showing a 
high degree of evolutionary conservation in the molecule.!"” 
The absorption peaks of the cone pigments in various species 
are presented in Table 4.6. Most mammals possess at least two 
classes of cone pigments: those sensitive to one short wave- 
length and those sensitive to one or more long wavelengths. 
Though they are more difficult to study because of the smaller 
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Figure 4.13. Stages in the bleaching of rhodopsin. Photoreaction is indi- 
cated by a curved line. Wavelengths (A) are absorption maxima of rhodopsin 
intermediates, and the times shown are approximate decay times of the 
intermediates at physiologic temperature. Hypsorhodopsin (not shown) was 
discovered by illuminating rhodopsin at 4° K (à max, 430 nm for hyp- 
sorhodopsin). The loss of color (bleaching) occurs when all-trans-retinalde- 
hyde is reduced to all-trans-retinol (not shown). (Modified from Saari JC. 
Metabolism and photochemistry in the retina. In: Moses RA, Hart WM, eds. 
Alder’s Physiology of the Eye. 8th ed. St. Louis: CV Mosby, 1987:356-372.) 
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Table 4.6 Spectral Sensitivity in Selected Species 


Cone Peak Method of 

Species Sensitivity (nm) Determination? BN Bs 
Rat 510 1,2 255 
Cat? 454, 561 1 256 

450, 550 2 257 
Dog? 429-435, 555 12 46, 258, 259 
Horse 428, 539 1,2 260, 261 
Pig 439, 556 2 262 
Cow 451, 555 2 263 
Sheep 445, 552 2 263 
Goat 443, 552 ee 263 
Guinea pig 429, 529 We 264 


aMethod of determination: 1, behavioral; 2, electrophysiology; 3, microspec- 
trophotometry. 

There are suggestions that the cat is trichromatic, with an additional 
class of cones peaking at 500 nm or 520 mm.?85:257 

‘Three species of foxes also have similar values.?° 


number of cones and problems in extraction, cone pigments 
such as iodopsin'!” appear to be similar to rhodopsin in both 
structure and function.!!9 

Another photopigment, which is found in the retinas of fresh- 
water vertebrates such as fish and amphibians, is retinal,.''® The 
carotenoid chromophore of this pigment, | 1-cis-3-dehydroreti- 
naldehyde, is derived from vitamin A, rather than A,.'° Retinal, 
serves as the pigment for both the cones and the rods in those 
species in which it is found. Though they play a role in color 
vision, the reddish oil droplets found in the cones of birds are not 
a photopigment; rather, they serve as a color filter for incoming 
light, enhancing chromatic vision by shifting the cell’s spectral 
sensitivity. 


Phototransduction 


Phototransduction is the process by which the light (ie., 
photo) stimulus is converted (i.e., transduced) into a neuronal 
signal.!!*!26 Photoreceptors are unique cells in that they are 
depolarized in their resting state (i.e., in darkness). This depo- 
larization is maintained by a dark current, which is a constant 
influx of Na* through cyclic guanosine-3,5’-monophosphate 
(cGMP)-gated ion channels in the outer segment membrane 
(Fig. 4.14). The end result of light stimulation is a decrease in 
cGMP levels, leading to closure of the ion channels. The Na* 
influx stops, and the cell undergoes hyperpolarization. 

The numerous steps in the cascade that ends in decreased 
cGMP levels are illustrated in Figure 4.15. One of the key mol- 
ecules participating in this cascade is transducin (T), which is a 
G protein composed of three subunits (Ta, TB, and Ty). In dark- 
ness, transducin is bound to guanosine diphosphate (T-GDP). 
Another important molecule is phosphodiesterase (PDE), 
which, when activated, hydrolyzes cGMP into GMP. In both 
transducin and PDE, yis the inhibitory subunit. 
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Figure 4.14. lon flow through the rod outer and inner segments in light 
and dark. In dark (top), Na+ extruded from the inner segment by a Na*/K* 
pump (1) flows into the outer segment through a sodium channel (2) in the 
outer segment that is open when cGMP (cG) is bound. Na+ returns to the 
inner segment where the main outward current is carried by K* (3). Ca’ 
also enters the outer segment via the sodium channel (2); its cytoplasmic 
concentration is kept low by a Na*/Ca®*:K* exchanger (4). Following 
absorption of a photon by rhodopsin (5), a phosphodiesterase (PDE) (6) is 
activated that reduces the concentration of cGMP, allowing the Na* channel 
to close (bottom). Ca?* extrusion by the exchanger (4) continues even 
though its entry is blocked by the closed Na* channels, producing a tran- 
sient decrease in cytoplasmic Ca®™ concentration following stimulation. 
(Reprinted with permission from Saari JC. The biochemistry of sensory 
transduction in vertebrate photoreceptors. In: Hart WM Jr, ed. Adler's Phys- 
iology of the Eye. 9th ed. St. Louis: Mosby—Year Book, 1992:460—-484.) 
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Following isomerization of the photopigment by light into 
R*, the bleached molecule changes its conformation and binds 
to transducin, forming a T-GDP-R* complex. This binding 
changes the affinity of the complex to GDP, which drops off and 
is replaced by guanosine triphosphate (GTP), leading to the for- 
mation of a T-GTP-R* complex. Additional affinity changes 
now occur, and the complex breaks up. R* falls off and is free to 
activate additional T-GDP molecules. TB-Ty also falls off, 
thereby removing the inhibitory effect on the Ta-GTP complex. 
The activated complex migrates to the disc membrane, where it 
activates PDE by removing its y inhibitory subunits. Because 
PDE contains two y subunits, two To-GTP complexes are 
required for complete PDE activation. The activated PDE 
hydrolyzes cGMP into GMP, resulting in decreased cGMP lev- 
els (from 60 uM to < 10 uM) and leading to closure of the Na* 
channels and cell hyperpolarization. It has been calculated that 
the absorption of a single photon may lead to closure of 4% of 
the outer segment channels, 
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Figure 4.15. The cGMP cascade of phototransduction. Light causes 
activation of rhodopsin (R). Activated rhodopsin (A*) binds to the transducin 
GDP (T-GDP) complex, leading to reduction in affinity to GDP. GDP is 
replaced by GTP, forming an R*-T-GTP complex, leading to dissociation of 
R*. The remaining T-GTP complex activates phosphodiesterase (PDE*), an 
enzyme that hydrolyzes cGMP into GMP. The reduction in cGMP levels 
leads to closure of the Na* channels and hyperpolarization. (Reprinted with 
permission from Falk G. Retinal physiology. In: Heckenlively JR, Arden GB, 
eds. Principles and Practice of Clinical Electrophysiology of Vision. St. 
Louis: Mosby—Year Book 1991:69-84.) 


There are two potential amplification steps in the photo- 
transduction reaction. Each R* molecule may activate 500 
T-GDP complexes, and each activated PDE molecule may 
hydrolyze 800 cGMP molecules. Taking into account the two 
To-GTP complexes required for complete PDE activation, the 
net result is amplification of the signal by a factor of 10°. This 
signal gain makes it possible to record electrical currents gen- 
erated in rods following the absorption of a single photon. 
Cones, on the other hand, need to absorb 40 times as many 
photons to generate the same current, thus accounting for their 
decreased light sensitivity. 

The cascade is eventually turned off by an equally complex 
chain reaction. To-GTP is hydrolyzed into Ta-GDP, thus free- 
ing up the PDE inhibitory y subunit. The y subunit rebinds to 
PDE, thus stopping the hydrolysis of cGMP, and To-GDP 
rebinds to TB-Ty, thus deactivating the transducin molecule. At 
the same time, the enzyme rhodopsin kinase phosphorylyates 
R*. This phosphorylation increases the affinity of rhodopsin to 
arrestin, and their binding prevents further transducin activa- 
tion by R*. Meanwhile, guanylate cyclase activity in the outer 
segment increases, which leads to synthesis of cGMP. As its 
concentration rises, it eventually causes reopening of the chan- 
nel and photoreceptor depolarization. 

Understanding of the phototransduction process has enabled 
us to gain insight into the pathogenesis of several types of pho- 
toreceptor dysplasias and degenerations. Rod-cone dysplasia 
type 1 in Irish Setters has been shown to be caused by a muta- 
tion in one DNA base in the gene coding for the B subunit of 
PDE. The resulting defect prevents PDE from hydrolyzing 
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cGMP, resulting in cGMP buildup and leading to cell death.!?7 
Mutations in rhodopsin have been shown to cause progressive 
retinal degeneration in the English Mastiff, making it a naturally 
occurring animal model for some forms of human retinitis pig- 
mentosa.'?* Photoreceptor dysplasia in Miniature Schnauzers!” 
and early retinal degeneration in the Norwegian Elkhound!*° 
may likewise be the result of a specific defect in one of the 
phototransduction molecules. The genetics of canine retinal dis- 
eases are discussed extensively in Chapter 21. 


Synthesis and Regeneration of the Visual Pigments 


As indicated earlier, light stimulation causes bleaching of the 
photopigment; conversely, the pigment undergoes regenera- 
tion during darkness. Prolonged and intense light stimulation 
will eventually bleach all of the retinal photopigment. Pro- 
longed and total darkness will enable all of the photopigment 
to regenerate. At intermediate levels of illumination, between 
these two extremes, a dynamic and continuous process of 
bleaching and regeneration occurs, leading to equilibrium and 
contributing to adaptation to existing light levels, !!8:!!9.134-138 
The first step in the photopigment regeneration process, as 
outlined in Figure 4.16, is reduction of all-trans-retinal to 
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Figure 4.16. Regeneration of photopigment. Reactions 3 to 6 occur in 
the RPE; reactions 1, 2, and 7 occur in the photoreceptor. 1. Light is 
absorbed by rhodopsin, causing bleaching of the pigment and formation of 
all-trans-retinaldehyde. 2. All-trans-retinaldehyde is reduced into all-trans- 
retinol, which is transported to the RPE using an interstitial retinoid-binding 
protein (IRBP). 3. In the RPE, retinol is esterified into all-trans-retinyl. 4. The 
ester undergoes hydroisomerization into 11-cis-retinol. 5. Retinyl esters are 
hydrolyzed. 6. 11-cis-retinol is oxidized into 11-cis-retinaldehyde, which is 
transported by IRBP back to the photoreceptor. 7. The chromophore and 
pigment form rhodopsin. 8. All-trans-retinol may also reach the RPE from 
the liver via systemic circulation. Additional retinoid-binding proteins 
located in amacrine and Müller cells include cellular retinol-binding protein 
(CRBP), cellular retinoic acid-binding protein (CRABP), and cellular reti- 
naldehyde-binding protein (CRALBP). (Reprinted with permission from 
Saari JC. The biochemistry of sensory transduction in vertebrate photore- 
ceptors. In: Hart WM Jr, ed. Adler's Physiology of the Eye. 9th ed. St. Louis: 
Mosby-Year Book, 1992:460-484.) 
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all-trans-retinol. This is the only step of the regeneration 
process that occurs in the outer segment of the photoreceptor; 
the rest occurs in the retinal pigment epithelium (RPE). 
Because of compartmentalization of the enzymes, virtually no 
pigment regeneration occurs in mammalian neural retinas that 
have been detached from the RPE. 

Retinol diffuses out of the outer segment into the subretinal 
space and makes its way to the RPE. An interstitial retinoid- 
binding protein IRBP) plays a role in the intercellular move- 
ment of retinol, though the exact mechanism of diffusion or 
transport has yet to be elucidated. Once inside the RPE, the 
retinol is esterified into retinyl, which is eventually isomerized 
into 11-cis-retinaldehyde. This retinoid is translocated from 
the RPE back to the outer segment (again using IRBP), where 
it binds with opsin (synthesized in the inner segment) to 
reform rhodopsin. 

Obviously, bleached pigment is not the only substrate for 
11-cis-retinaldehyde synthesis in the RPE. Dietary uptake still 
remains the main source of substrates. Carotenoid compounds 
in food are oxidized into vitamin A (retinol) in the walls of the 
small intestine. The vitamin is then esterified and transported 
to the liver, where it is bound to retinol-binding protein (RBP). 
Retinol-bound RBP is transported through the bloodstream 
and eventually reaches the choriocapillaris. Specific receptors 
on the outer aspect of the RPE bind the RBP, and the retinol is 
uptaken by the cell for processing similar to that undergone by 
retinol reaching the RPE from the photoreceptor. This 
dependence on dietary carotenoid compounds is the reason for 
the nyctalopia and progressive retinal degeneration observed 
in cases of avitaminosis A in cattle and other species. 


Physiology of Retinal Cells 


Photoreceptors 

A schematic representation of the retina is shown in Fig- 
ure 4.17.13-14 The outermost cells in the neural retina are the 
photoreceptors, which are divided into two classes: rods and 
cones. Rods and cones differ from each other in their function, 
morphology, and retinal distribution. Functionally, cone sys- 
tems are characterized by high resolution of fine details, rapid 
responses, color perception, and low sensitivity to small fluc- 
tuations in light intensity. Rod systems are characterized by 
poor visual resolution and no color perception, but they are 
extremely sensitive to changes in light levels and detection of 
motion. Therefore, cones are particularly suitable for daylight 
(i.e., photopic) vision, whereas rods contribute mostly to dim- 
light (i.e., scotopic) vision. 

The functional differences between rods and cones as 
well as the animal’s lifestyle dictate the retinal distribution 
(Table 4.7). In most mammalian species (including humans), 
rods outnumber cones, but nocturnal animals have a greater 
proportion of rods and diurnal animals a greater proportion of 
cones. Likewise, predators that depend on precisely locating 
their prey and species that display bright colors for sexual pur- 
poses have relatively more cones; prey species that depend on 
detecting peripheral motion (by predators) when grazing have 


Figure 4.17. Organization of the retina and choroid. The rod spherules 
have synaptic contact with rod bipolar (rb) cells, which in turn have axoso- 
matic and axodendritic synaptic contact with diffuse ganglion cells (dg). The 
cone pedicles have synaptic contacts with a single midget bipolar cell (mb), 
which connects a single cone to a single midget ganglion cell (mg) and with 
flat bipolar cells (fb), which connect several cones via axosomatic and axo- 
dendritic synapses with diffuse ganglion cells (dg). Horizontal cells (h) con- 
tact rod spherules and cone pedicles. Amacrine cells (a) contact the 
dendrites of all bipolar cells and both types of ganglion cells. A, supra- 
choroid layer; B, vessel layer; C, connective tissue in lieu of tapetum 
lucidum (the pigment epithelial cells lack pigment at the level of the tape- 
tum); D, choriocapillary layer; E, pigment epithelium; F layer of rods and 
cones; G, outer limiting membrane; H, outer nuclear layer; /, outer plexiform 
(synaptic) layer; J, inner nuclear layer; K, inner plexiform (synaptic) layer; L, 
ganglion cell layer; M, optic nerve fiber layer adjacent to the inner limiting 
membrane; N, supporting glial cells (Miller cells). (Reprinted with permis- 
sion from Dellmann HD, Brown EM. Textbook of veterinary histology. 
Philadelphia: Lea & Febiger, 1976.) 


more rods. There are also regional differences in photorec- 
eptor concentration. In most mammalian and avian species, 
the retina contains a specialized region that is characterized 
by a high density of cones. This area subserves the highest- 
resolution vision of the animal, though as Table 4.7 demon- 
strates, the concentration of the cones in this region can vary 
greatly between species. In diurnal species possessing high 
acuity, such as humans and many avian species, this region is 
called the fovea. The fovea is actually a retinal depression (or 
pit) that contains no rods, thus permitting more dense packing 
of cones. In most other species, this region is called the area 
centralis. Though this area has the highest concentration 
cones, in nocturnal species, such as the cat, rods outnumber 
the cones even in the area centralis (Table 4.7). Thus, the ani- 
mal acquires higher scotopic sensitivity, albeit sacrificing 
visual acuity. The fovea and area centralis are surrounded, 
respectively, by a macula and visual streak, which are regions 


Table 4.7 Photoreceptor Concentration in Cats and Humans 


n 


Human Cat 
Number of rods (10°) 410-125 
Number of cones (x108) 65 
Maximal cone concentration 199,000 27,000 
(per mm’) 
Maximal rod concentration 160,000 460,000 
(per mm?) 
Cone concentration at ora 5,000 <3,000 
serrata (per mm?) 
Rod concentration at ora 40,000 250,000 
serrata (per mm?) 
Rod to cone ratio No rods 11:1 
(area centralis) 
Rod to cone ratio 50:1 100:1 
(ora serrata) | 


Source of data for humans: Osterberg G. Topography of the layer of rods 
and cones in the human retina. Acta Ophthal. 1935;6 (suppl):1—103. 
Source of data for cats: Steinberg RH, Reid M, Lacy PL. The distribution 
of rods and cones in the retina of the cat (Felis domesticus). J Comp 
Neurol 1973;148:229-248. 


of decreasing cone density. The concentration of cones contin- 
ues decreasing with retinal eccentricity, and in most species, 
the more peripheral retina contains virtually no cones; rods, 
which are used for motion detection and scotopic vision, pop- 
ulate this region. 

Morphologically, photoreceptors are divided into four 
parts: 


1. The outer segment, 
The inner segment, 
The nucleus, and 

The synaptic terminal. 


Se eS) 


The outer segment is the part of the cell where phototrans- 
duction, as well as disc formation and shedding, occurs. The 
outer segments are connected by a cilium to the inner seg- 
ment, which is an area rich in mitochondria (ellipsoid), Golgi 
apparatus, and endoplasmic reticulum (myoid). Opsin is syn- 
thesized in the endoplasmic reticulum of the inner segment 
and is transported through the cilium to the base of the outer 
segment, where it is incorporated into the outer segment’s 
plasma membrane, which undergoes invagination to form a 
new disc. In rods, the disc detaches from the membrane and 
the outer segment is filled with a stack of free-floating discs. 
In cones, the disc remains part of the membrane, thus expos- 
ing it to a greater supply of chromophore (relative to the 
disconnected rod disc). As new discs are formed at the base of 
the outer segment, older discs are displaced toward the distal 
end, from which they will eventually be shed and then phago- 
cytized by the RPE in a diurnal cycle (following light onset). 
Experiments in which radiolabeled prescursors have been 
injected into the inner segments show that labeled proteins 
appear at the outer segment base within 2 hours; another 8 to 
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10 weeks pass before the discs containing these proteins are 
shed and phagocytized. 

Morphologic differences between rods and cones are dis- 
cussed in great detail in Chapter 2. Some of these differences 
are a direct consequence (or cause) of the functional differ- 
ences between the two types of photoreceptors. The rod outer 
segment is long and thin, which permits a high density of rods 
in the periphery, thus increasing the probability of absorbing 
scarce photons at night. Cones are two to three times thicker 
than rods, except in the central retina, where they are also thin 
to permit a high receptor density. Rod axons are thin, which is 
consistent with the cell’s slow response to light, whereas cone 
axons are thick, enabling faster conduction. 

The nuclei of the photoreceptors constitute the outer 
nuclear layer (ONL) of the retina, which is separated from the 
inner segments by an outer limiting membrane. The axonal 
terminals of the rods and cones are called spherules and pedi- 
cles, respectively. Their synaptic invaginations synapse with 
dendritic processes of bipolar and horizontal cells at the outer 
plexiform layer (OPL). 


Horizontal and Bipolar Cells 


The soma of both the horizontal and bipolar cells are located in 
the inner nuclear layer (INL).'4*"'*° Horizontal cells occupy 
the outermost layer of the INL and synapse almost exclusively 
in the OPL. Physiologically, horizontal cells are divided into 
two types. Luminous (L) type horizontal cells hyperpolarize in 
response to light stimulation; these cells synapse with rods or a 
single class of cones. Color (C) type horizontal cells, which 
synapse with more than one cone class, respond by hyperpolar- 
izing or depolarizing in a wavelength-dependent manner. The 
role of horizontal cells in the visual process is poorly under- 
stood, but it is hypothesized they integrate responses from pho- 
toreceptors and increase sensitivity to changes in illumination 
(i.e., contrast) and color, which is a phenomenon termed 
lateral inhibition. 

Bipolar cell somata are also located in the INL. Their den- 
drites synapse with photoreceptors and horizontal cells in the 
OPL, and their axons terminate in the inner plexiform layer 
(IPL), where they synapse with amacrine and ganglion cells. 
Therefore, the function of bipolar cells is to serve as second- 
order neurons of the retina, connecting, directly or indirectly, 
the first-order (photoreceptors) and third-order (ganglion 
cells) neurons. A bipolar cell receptive field is the sum of the 
receptive fields of the photoreceptors to which it synapses. 
A rod bipolar cell can receive input from scores of rods, con- 
stituting a converging pathway with a large receptive field 
(Fig. 4.18). Such a pathway enhances scotopic vision, because 
the absorption of just one photon anywhere in the receptive 
field is sufficient to stimulate the rod bipolar pathway. Cone 
bipolar cells are divided into different types, based on their 
function and retinal location. Cone bipolars in the peripheral 
retina are called diffuse bipolars, functioning much like rod 
bipolars, converging input from several cones. Foveal cones, 
on the other hand, are characterized by a diverging pathway, in 
which one cone outputs to two or more midget bipolar cells. 
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Because each midget bipolar cell inputs from just one cone, it 
will have a much smaller receptive field. This feature, com- 
bined with the antagonistic center-surround properties of the 
receptive fields (see subsequent discussion), contributes to the 
higher visual resolution that characterizes the cone systems. 
Bipolar cells may also be classified on the basis of the 
response generated by light stimulation of their central recep- 
tive field. “ON-center” cells depolarize when their center is 
stimulated by light, whereas “OFF-center” cells hyperpolarize 
in response to central stimulation (Fig. 4.19). The peripheral 
(i.e., toroidal) receptive field of these cells is antagonistic to 
the center. For example, an ON-center bipolar cell will also 
depolarize when its periphery is “stimulated” by darkness; 
therefore, a high degree of contrast between central and 
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Figure 4.19. Antagonism of central and peripheral receptive fields of a 
bipolar or ganglion cell. The concentric receptive field has a central region 
in which stimulation by light has one effect on a cell’s firing and a surround- 
ing region in which that stimulation has an opposite effect. In the case of an 
ON-center cell (on the right), stimulation of the center causes increased 
activity, whereas stimulation of the surround causes decreased activity. In 
an off-center cell (on the left), stimulation of the center will cause decreased 
activity, whereas stimulation of the surround will increase the cell’s activity. 
(Modified from Masland RH. The functional architecture of the retina. Sci 
Am 1986;255:102-111.) 


Figure 4.18. Schematic representation of the 
rod and cone pathways. A. The output of numer- 
ous rods converges through several bipolar cells 
and a smaller number of amacrine cells and onto 
one ganglion cell. This allows the rod system to 
enhance the response to a weak stimulus (sco. 


1 cone topic vision). B. The cone pathway is character- 
ized by a minimal cone—bipolar—ganglion cell 
ratio, which allows for maximum discrimination 
(high acuity), fast transmission, and other char- 
acteristics of the cone system. 

1 bipolar 


1 ganglion cell 


toroidal stimulants will cause an enhanced response of the 
bipolar cells. This is one possible mechanism for increased 
contrast sensitivity, which is essential for high-resolution 
vision. Conversely, light stimulation of both the center and 
periphery of an ON-center bipolar cell will result in a 
decreased response by the cell, because the response of the 
periphery will inhibit the response of the center. 


Other INL cells 


The INL is populated by three more types of cells (in addition 
to displaced ganglion cells).'4'* Little is known about the 
interplexiform neuron, which is a cell that inputs from the IPL 
and outputs to the OPL. Interplexiform neurons have been 
found in several species, including the cat and primates. They 
synapse directly with amacrine and bipolar cells and indi- 
rectly with photoreceptors; therefore, they may modulate pho- 
toreceptor output as a function of IPL activity. 

The second class of cells found in the INL is Miiller cells, 
which are ependymoglial cells (i.e., they have both a struc- 
tural support and a metabolic role). Long processes of the 
Miiller cells extend from the INL toward the inner and outer 
retina, where they join to form both the inner and outer limit- 
ing membranes. Thus, the Müller cells can be regarded as reti- 
nal radial cells, extending through its entire thickness and 
lending it architectural support. Müller cells also fill in all 
gaps in the neuroretina not occupied by other elements, and 
their outer processes surround the individual photoreceptors, 
isolating them from each other and keeping them properly 
aligned. 

Metabolically, Miiller cells store glycogen, which helps to 
protect the retina from fluctuations in systemic glucose levels. 
These cells also help to maintain the anionic balance in the 
retina by uptaking the K* secreted by the photoreceptors. 
Müller cells remove the excess K* from the retina, thus acting 
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as a “K* sink” and contributing to generation of the b-wave of 
the electroretinogram. Miiller cells are also active in uptake 
and metabolism of neurotransmitters (including GABA, 
dopamine and glutamate) and in retinal phagocytosis follow- 
ing injury. 

Amacrine cells, which are the third type of INL cells, 
occupy the innermost tier of this layer (though displaced 
amacrine cells are also found in the ganglion cell layer). More 
than 20 types of amacrine cells have been identified in the 
mammalian retina. All are characterized by the fact they do 
not possess any recognizable axons, and they are classified by 
their location in the INL strata, by the size and shape of their 
dendritic tree (e.g., linear, beads, starburst), and by the neuro- 
transmitter they release (e.g., acetylcholine, serotonin, 
dopamine). 

Amacrine cells form a very complex and confusing net- 
work of connections with bipolar axon terminals, with gan- 
glion cell dendrites, and with other types of amacrine cells. 
Their responses increase the sensitivity of ganglion cells to 
changes in illumination, thus contributing to motion, direc- 
tion, and contrast detection. Therefore, it can be said that 
amacrine and horizontal cells play a similar role (1.e., lateral 
processing of the signal) in the IPL and OPL, respectively. 
Figure 4.20 shows, as an example, how amacrine cells affect 
the antagonism of the peripheral receptive field of ganglion 
cells. Signals from the central receptive field are relayed from 
the photoreceptors through bipolar cells and directly to the 
ganglion cells. Signals from the peripheral field are relayed 
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Figure 4.20. Center-surround organization of the receptive field. Pho- 
toreceptors activated by stimuli in the center stimulate bipolar cells, which 
in turn excite ganglion cells. Photoreceptors activated by stimuli in the sur- 
round stimulate bipolar cells, which in turn excite amacrine cells. Amacrine 
cells will inhibit ganglion cells. Horizontal cells are involved with the center- 
surround receptive field concept as well. (Modified from Dowling JE, Boy- 
cott BB. Organization of the primate retina: electron microscopy. Proc R 
Soc Lond B Biol Sci 1966;166:80—1 11.) 
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through bipolar cells to amacrine cells, which through lateral 
inhibition affect an “off-surround” response. In birds and 
other nonmammalian species, amacrine cells are the target 
cells of centrifugal fibers from higher cortical centers, which 
further modulate the retinal responsiveness. 


Ganglion Cells 


All information processed by the retina eventually converges 
on the ganglion cells, the innermost cell layer in the retina, 
and its final output neuron.'*?-'>4 Though much signal pro- 
cessing has occurred in the bipolar, horizontal, and amacrine 
cells, the ganglion cells are the most complex information 
processing cells in the retina. There are several ways to cate- 
gorize ganglion cells: 


1. Size and retinal location. Midget (B) ganglion cells are 
located in the central retina, and the small size of these 
cells permits denser packing, thus allowing each to input 
from fewer cones and bipolars. In species with high-reso- 
lution vision, the functional ratio of bipolar cells to 8 gan- 
glion cells approaches 1:1 in the foveal region. Larger (œ) 
ganglion cells are found in the more peripheral retina, and 
their large size permits convergence of input from many 
amacrine cells. Axonal diameter is proportional to the 
somata size; therefore, central B cells possess smaller- 
diameter axons than peripheral © cells. 

2. Input cell. In mammals, most ganglion cells input directly 
from bipolar cells. Therefore, the receptive fields of these cells 
function in a manner similar to those of their associated bipo- 
lar cells (i.e., ON-center-OFF-surround, or vice versa). These 
cells are called X cells. Other ganglion cells (i.e., Y type) input 
mainly from amacrine cells. Conversely, ganglion cells can 
also be classified on the basis of the cell to which they output. 
M ganglion cells synapse in the magnocellular layers of the 
dorsal lateral geniculate nucleus (DLGN), whereas P ganglion 
cells terminate in the parvocellular layers. 

3. Information processing. The luminance (magno) pathway 
both processes and relays information regarding changes 
in light levels and motion. The resolution (parvo) pathway 
processes information pertaining to fine details and the 
color of the stimulus. 


Obviously, these classifications are not exclusive; rather, 
they constitute different descriptions of the same cells. Beta, 
X, or parvo cells are numerous, small, and centrally located; 
these cells input from cone systems and bipolar cells. The 
small diameter and therefore slower conducting axons of 
these cells transmit information on stimulus color (1.e., wave- 
length) and fine detail. Alpha, Y, or magno cells are fewer in 
number, larger in size, and peripherally located; these cells 
input from rod systems and amacrine cells. Their larger diam- 
eter and faster conducting axons relay information on subtle 
changes in illumination levels (i.e., contrast) and stimulus 
motion (i.e., temporal resolution). These cells are character- 
ized by transient (i.e., phasic) response, as compared to the 
more sustained (i.e., tonic) response of the p cells. In the cat, 
55% of the ganglion cells are B cells; œ cells constitute only 
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3% to 5% of the ganglion cell population. Most of the axons 
of both types of cells terminate in the DLGN, with only a few 
collateral fibers synapsing in the superior colliculus. 

There are numerous other types of ganglion cells in the 
mammalian retina as well. The W, or y, cells have small 
somata and axons, but their response to light can be either sus- 
tained or transient. They serve in cone systems and contribute 
to high-resolution photopic vision. Half of these cells project 
to the superior colliculus rather than to the DLGN, but little is 
known about their circuitry (or that of the other ganglion cell 
classes). 

Ganglion cells usually have an intrinsic, basal firing rate in 
darkness. Changes in the number of spikes in response to light 
or darkness are similar to those of the corresponding ON or 
OFF bipolar cells with which they synapse in the IPL. The 
resulting action potentials allow the signal generated by the 
ganglion cells to be propagated through their axons, which 
constitute the optic nerve fibers, all the way to the (relatively) 
distant lateral geniculate nucleus. 


RETINAL SYNAPSES AND 
NEUROTRANSMITTERS 


Obviously, with so many different types and classes of retinal 
cells, there are numerous potential pathways for transferring a 
signal from the photoreceptors to the ganglion cell 
axons, !4#!55-!59 Furthermore, new cell types, projections, and 
synapses are constantly being discovered. 

The synaptic terminal of a mammalian cone, which is large 
and flat, is called a pedicle. The rod terminal, which is rounder 
and smaller, is called a spherule. Both pedicles and spherules 
contain mitochondria, synaptic vesicles, and synaptic ribbons. 
Both also contain invaginations, in which one bipolar and two 
horizontal cells (that together constitute the synaptic triad) 
synapse. Photoreceptors usually have more than one synaptic 
invagination. A typical rod synapses with two triads, and a 
cone may have multiple contacts with three or more bipolar 
cells. In addition, photoreceptors send out processes to neigh- 
boring spherules and pedicles, thus providing for direct elec- 
trical junctions between photoreceptors. Because of these 
couplings, current can spread from one rod, for example, to 
adjacent rods. Therefore, the stimulation of a single rod can 
activate other photoreceptors, resulting (once again) in the 
large receptive field that converges on the bipolar cell. The 
junctions also allow rod signals to be transmitted through 
cone pathways. 

The two basic pathways of the retina are the cone pathway 
and the rod pathway (Fig. 4.18). The cone pathway typically is 
short, involving only two types of synapses: cone to bipolar 
cell and bipolar to ganglion cell. As mentioned, in the central 
retina this is a diverging pathway, with one cone synapsing to 
two bipolar cells, thereby transmitting the signal to an ON- 
center and an OFF-center ganglion cell. The anatomic and 
physiologic features of this pathway as well as their implica- 
tions for cone-mediated vision have already been discussed. 
To recap briefly, the various types of opsins in cone outer 


segments contribute to color vision; the dense packing of 
cones in the central retina, the minimal cone-bipolar-gan. 
glion cell ratio, and the small size of the receptive fields al] 
contribute to a small-size receptive field essential to high-res. 
olution vision. The axonal anatomy of the cones, combineq 
with the lack of lateral processing by amacrine cells, cop. 
tribute to fast conduction and quick response to light flickers. 

The rod pathway features a greater number of permutations 
(Fig. 4.17). As noted, rod spherules synapse to cone pedicles, 
and using this electrical synapse, rod signals can be relayed by 
the cone pathway, resulting in a greater range of illumination 
for the cone pathway. Rods also synapse with rod bipolar cells 
and, through them, with AI amacrine cells. In turn, these 
either synapse with the various ganglion cells or feedback to 
bipolar cells and contribute to lateral processing of the signal. 
The converging nature of the rod to bipolar to amacrine cell to 
ganglion cell pathway (Fig. 4.18) is the basis for many of its 
physiologic characteristics. It has been estimated that up to 
1,500 rods may converge on 100 rod bipolar cells, which 
synapse with 5 amacrine cells, eventually converging on a 
single ON, B ganglion cell. This large, summated receptive 
field represented by each ganglion cell sensitizes it to motion, 
direction, contrast, and low levels of illumination. 

Because photoreceptors are depolarized in the dark, they 
are constantly releasing an excitatory neurotransmitter. This 
neurotransmitter is L-glutamate, which serves as the “vertical 
neurotransmitter” of the retina, relaying information from the 
photoreceptors, via the bipolars, to the ganglion cells. Follow- 
ing light stimulation, the rod or cone hyperpolarizes, and the 
release of glutamate from the photoreceptor synaptic vesicles 
decreases. It should be noted that postsynaptic glutamate 
receptors fall into one of several classes (i.e., NMDA, AMPA, 
and metabotropic receptors), with different classes to be found 
on different postsynaptic cells. Therefore, changes in gluta- 
mate release can evoke different responses in different cells. 
Thus, ON-center bipolar cells, which have metabotropic glu- 
tamate receptors, depolarize following light stimulation and 
photoreceptor hyperpolarization. This synapse is considered a 
“sign-reversing” synapse because the response of the bipolar 
is opposite to that of the photoreceptor. Conversely, OFF- 
center bipolar cells, which have ionotropic glutamate recep- 
tors, hyperpolarize in response to light, just like their associated 
photoreceptor (i.e., sign-conserving synpase). Thus, it can be 
said that the retina contains two pathways: the ON-center 
bipolar pathway that is excited (depolarized) by increased 
light levels and the OFF-center bipolar pathway that is excited 
(depolarized) by decreased light levels. The type of bipolar 
synaptic receptor for L-glutamate therefore determines the 
pathway used to process the visual signal. 

Acetylcholine is another excitatory transmitter found in the 
retina. It is released by starburst (i.e., cholinergic) amacrine 
cells. By definition, an excitatory transmitter causes depolat- 
ization in the cell with which it synapses, which in this case is 
a ganglion cell. Because amacrine cells do not possess ai 
axon, release of acetylcholine occurs at an isolated and local- 
ized dendritic site, beyond which the transmitter does not 
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spread. As the stimulus moves across the receptive field, 
acetylcholine is released by additional dendrites. Progression 
of the depolarizing wave across the ganglion cell makes that 
cell sensitive to the direction of the stimulus. 

The main inhibitory transmitter in the retina is y-aminobu- 
tyric acid (GABA). As such, it is used mainly for lateral pro- 
cessing of the signal by both horizontal and amacrine cells, 
which have an inhibitory function in the OPL and IPL, respec- 
tively. Together with glycine, GABA acts to inhibit ganglion 
cells by opening their CI channels. Dopamine and serotonin 
(indoleamine) are two more transmitters found in amacrine 
cells, and they probably play an important role in signal mod- 
ulation. Dopaminergic amacrine cells, for example, synapse 
only with other amacrine cells and not with ganglion or bipo- 
lar cells. As in the case of glutamate, it should be noted some 
of these transmitters can activate several classes of receptors. 
Acetylcholine can bind to muscarinic and nicotinic receptors, 
and dopamine can bind to D, and D, receptors, thus making 
further signal refinements possible. That numerous other 
transmitters (mostly neuroactive peptides such as enkephalin 
and glucagon) have been found in the retina as well as the dis- 
covery that interplexiform neurons also secrete inhibitory 
transmitters make us realize there is still much to learn about 
the pathways and circuits in the retina, 


From Retina to Visual Cortex 


As noted, the axons of the retinal ganglion cells constitute the 
optic nerve fibers.!°!°* These axons converge at the optic 
disc, where they are joined in bundles to form the nerve. 
Ganglion cells are the only retinal neurons that generate an 
action potential, and myelination, which in some species (e.g., 
the dog) starts at this level, provides for rapid saltatory con- 
duction of the electrical signal. All of the neuronal processing 
of the visual signal that has so far taken place in the retina, 
including information about stimulus size, contrast, color, 
movement, and location, is coded “merely” as alterations in 
the firing rate of the ganglion cells! 

Ganglion cells transmit visual information as a cohort of 
individual signals generated by multiple cells representing 
different points in the visual field. Therefore, a single object 
will generate numerous signals that are transmitted in parallel 
pathways by many ganglion cells. Consequently, arrangement 
of the ganglion cell axons within the optic nerve is not ran- 
dom. Instead, the fibers are arranged in a retinotopic manner, 
meaning that the precise spatial arrangement of the retina is 
maintained within the nerve. Fibers from the superior retina 
form the superior half of the optic disc, and fibers from the 
inferior retina form the inferior half. This precise arrangement 
is a condition for the subsequent accurate projection of the 
visual field in both the DLGN and the visual cortex. 

As the nerve approaches the chiasm, the location of fibers 
within the nerve gradually shifts in preparation for decussa- 
tion at the optic chiasm (Fig. 4.21). Generally, fibers from the 
temporal retina remain on the ipsilateral side of the brain, and 
fibers from the nasal retina cross over to the contralateral side. 
The amount of decussation, however, varies between species, 
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Figure 4.21. Projection of the visual field onto retina, lateral geniculate 
nucleus (LGN), and visual cortex. The visual field is divided into 16 seg- 
ments. An inverted image of the field is projected onto the retina by the 
reversing lens. The left eye does not see the extreme right side of the total 
field (segments 15 and 16), and the right eye does not see the extreme left 
side of the total field (segments 1 and 2). Segments 3 to 14 are seen by 
both eyes (binocular vision). Because of decussation at the chiasm, the 
right LGN receives the temporal hemifield of the right eye (segments 3-8) 
and the nasal hemifield of the left eye (segments 1-8). The left LGN 
receives the nasal hemifield of the right eye (segments 9-16) and the tem- 
poral hemifield of the left eye (segments 9-14). The representation in the 
various layers of the LGN (only two layers, A and A1, are shown) are in reg- 
ister so that a vertical penetration will represent the same point in the visual 
field of both eyes. The two sets of representation are fused in the cortex. 
(Reprinted with permission from Guillery RW. Visual pathways in albinos. 
Sci Am 1974;240:44-54.) 


perhaps representing a broad evolutionary scale. In birds, all 
the fibers cross over to the contralateral side. Likewise, many 
amphibian and reptilian species have complete crossover; in 
others, as little as 5% of the fibers stay on the ipsilateral side. 
In the horse, 15% of the fibers stay on the ipsilateral side, as 
do 25% in the dog and 33% in the cat. In humans, only half of 
the fibers cross over. Partial crossover of fibers allows both 
hemispheres to continue receiving visual input even when one 
retina or optic nerve has been completely destroyed, thus 
enabling the animal to maintain better physiologic function 
and correlation with other sensory input. Because the topogra- 
phy of decussating fibers is characterized by spatial precision, 
lesions in different areas of the chiasm (or the optic nerve) will 
cause specific visual deficits; these are discussed in more 
detail in Chapter 29. 

The optic tract runs from the optic chiasm to the DLGN. 
Several other tracts (discussed later) exit the optic tract before it 
reaches the DLGN and relay visual information to extracortical 
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centers. Because of decussation at the chiasm, fibers of the optic 
tract conduct information from the opposite visual hemifield of 
both eyes (Fig. 4.21). For example, the right tract carries infor- 
mation from the two left visual hemifields. A lesion in the optic 
tract, therefore, will cause a homonymous hemianopia, or a 
bilateral opposite visual hemifield deficit. The location of the 
lesion in the tract can be further pinpointed by the extent of the 
consensual pupillary light reflex (PLR), because the fibers 
mediating the reflex exit toward the end of the tract. Looking at 
Figure 4.21, it is obvious that a homonymous hemianopia is 
theoretically possible following any postchiasmal lesion. 
Because optic fibers are much more compacted in the tract than 
in other postchiasmal structures, however, an optic tract lesion 
should be the primary differential diagnosis. Complete destruc- 
tion of the DLGN, optic radiations, or cortex is rare, and such 
destruction is not accompanied by any PLR abnormalities 
(because fibers to the nuclei controlling PLR have already 
exited the tract). 

The first synapse of the ganglion cell axons occurs in the 
DLGN. The DLGN receives input from the contralateral 
visual hemifield of both eyes and outputs to the visual cortex, 
thus serving, in effect, as both a relay and a processing station. 
In most species with both a ventral lateral geniculate nucleus 
(VLGN) and a DLGN, the optic tract terminates in the DLGN. 
Primates do not have a VLGN; therefore, the optic tract 
synapses in the lateral geniculate nucleus (LGN). The DLGN 
of the cat and the LGN of the macaque monkey have been 
studied extensively, and though anatomic differences do exist 
between the two (e.g., the cat DLGN comprises four layers 
and the macaque LGN comprises six), the functional princi- 
ples of both are very similar and are discussed here as one. 

The basis for the functional architecture of the LGN is its 
retinotopic organization. Each layer of the LGN constitutes a 
precise map of the contralateral visual hemifield. Thus, in the 
cat, uncrossed fibers from the temporal hemifield of the right 
eye terminate in layers A, and C, of the right DLGN; fibers 
crossing over from the nasal hemifield of the left eye termi- 
nate in layers A and C of the right DLGN. Furthermore, the 
four resulting maps are in register, which means that if an 
electrode vertically penetrated the four layers, the cells it 
would pass through all represent the same point in the visual 
field of both retinas (Fig. 4.21). Thus, the path of the electrode 
would represent a vertical line of projection of that point onto 
the DLGN. 

The maps of the DLGN preserve more than just topogra- 
phy of the visual field. They also reflect the physiologic pro- 
cessing of the signal that has occurred in the retina. Thus, 
layers A and A, of the cat DLGN input from X-type ganglion 
cells, whereas layers C and C, input from Y-type cells. There- 
fore, the four cells through which the above-mentioned line of 
projection passes receive both X- and Y-type data about an 
identical receptive field in both eyes. This provides the basis 
for the merging of visual information that occurs in the cortex. 

The actual synapses between the ganglion cell axons and 
the dendrites of the thalamic cells take place in a structure 
termed the synaptic glomerulus. The thalamic cells may be of 


two types: interneurons, which provide for some signa] 
processing, or projecting cells. Axons of these projecting cell, 
exit the DLGN and form the optic radiations, and these axons 
relay the visual signal from the DLGN to the primary visual 
cortex, where they synapse. In some species, these radiations 
also contain axons that descend from the visual cortex to the 
DLGN and superior colliculus. 

Several other pathways also relay visual information from 
the retina to extracortical centers. Fibers exiting the optic tract 
relay information to the pretectal nucleus, and through it to the 
Edinger- Westphal nucleus; these nuclei control the PLR. Other 
optic tract fibers synapse in the superior colliculus, which con- 
trols saccadic eye movement and also inputs information from 
other sensory organs (i.e., ears and spinal cord) and is therefore 
involved in correlation of sensory information. In addition, 
information from the retina reaches additional nuclei involved 
in controlling optokinetic reflexes, circadian rhythms, and 
endocrinic activity of the hypothalamus. 


Visual Cortex 
Location of the Primary Visual Cortex 


Mapping of the visual cortex in humans was first performed 
during World War I by Holmes,'® who studied deficits in 
wounded British soldiers suffering from brain injuries. The 
first animal in which the visual cortex was mapped was the 
cat, studied by Talbot in 1940.'”° Since then, the visual cortex 
has been mapped in more than a dozen species of laboratory 
animals, !7!=18* the sheep,'®> and the dog.!8°-184 

Early work on the visual cortex in humans and the cat 
revealed that the primary visual area (so called because it is 
the main recipient of DLGN output) occupies the region 
known as Brodmann’s area 17.16170 This area is a histologi- 
cally defined region in the occipital lobe, possessing unique 
cytoarchitectural and myeloarchitectural characteristics, the 
boundaries of which were determined for humans in the 
early 20th century.'®* In all mammalian species mapped to 
date, this area lies in posterior pole of the occipital lobe. In 
the cat, it occupies the posteromedial portion of the cortex, 
extending from the crown of the lateral gyrus on the dorsal 
surface to the superior bank of the splenial sulcus on the 
medial surface.!%° In the dog, it is located at the junction of 
the marginal and endomarginal gyri.'*°!8’ In humans, the 
primary visual cortex is located between the lunate sulcus 
(rostrally) and the inferior occipital sulcus (posterolaterally). 
This area has also been called the striate cortex, or V I 
(i.e., Visual I), a physiologic term coined by Woolsey and 
Fairman in 1946.'%° 

The stereotaxic coordinates for the representation of the 
area centralis in the feline cortex are P3-L5 (i.e., 3-mm poste- 
rior to the interaural plane and 5-mm lateral to the midline) 
(Figs. 4.22 and 4.23).'?! Anatomically, it is located on the 
crown of the lateral gyrus, near the junction of the lateral and 
posterior lateral gyri.!®’ In the dog, interbreed variation has 
been observed,!86187 but on average, projection of the canine 
area centralis is 13.4-mm anterior to the interaural plane and 
8.4-mm lateral to the midline (Fig. 4.24).'°°!87 Knowing the 
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Figure 4.22. Visual areas 17, 18, and 19 of the cat brain. The shaded 
area shows the suprasylvian region of the cat brain. (Modified from Spear 
PD, Baumann TP. J Neurophysiol 1975;38:1414.) 


precise coordinates is important when recording cortical 
visual-evoked potentials, because the electrodes must be 
precisely positioned to record a maximal signal. In humans, 
a displacement of just 2.5 cm in the location of the active 
electrode decreases the amplitude of the recorded signal 
by 75%. 
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Neuronal Organization 


Cells of the primary visual cortex, V I, are arranged in six lay- 
ers, which are defined on the basis of the cytoarchitecture and 
myelination patterns of the cells.!° Layer 4 is heavily myeli- 
nated and gives this region its characteristic histological 
appearance that was recognized as early as the 19th century. It 
is in this layer that incoming LGN axons synapse with cortical 
neurons. More precisely, magnocellular projections synapse 
in layer 4Ca, while parvocellular projections synapse in layer 
4Cb, thus maintaining the segregation and dual processing of 
visual information that has characterized the visual system to 
this point. Layers 2 and 3 contain excitatory neurons that 
project to other cortical visual areas (see “Number of Maps” 
later in this chapter), while layers 1 and 2 receive feedback 
input from these same extrastriate visual areas. Similar 
descending feedback loops project from layers 5 and 6 back to 
the DLGN. 

One mm? of V1 tissue contains approximately 4,700 neurons, 
2,900 microglia, 3,400 oligodendrocytes, and 49,000 astro- 
cytes. Most of the neurons are GABAnergic, inhibitory 
interneurons that do not project outside of V I.!°° Rather, they are 
devoted to processing of the signal in the striate cortex. Only a 
minority of the cells are excitatory, spiny (stellate or pyramidal) 
neurons that project outside area 17. 


Representation of the Visual Field 


The area V I receives its input from the DLGN, and this input 
consists of the entire contralateral visual hemifield as 


Figure 4.23. The visual hemifield on the cat cortex. A. Perimeter chart showing extent of the visual hemifield. Azimuths are illustrated by solid lines and 


elevations by dashed lines. 

Y - The most peripheral part of the visual hemifield. 
*, representation of the area centralis; 

O, representation of the vertical meridian; 

E, representation of the horizontal meridian. 


B. Visual hemifield in areas 17 (V |), 18 (V II), and 19 of the unfolded cat cortex. Areas 17 and 18 border each other along the vertical meridian. The area cen- 
tralis is represented at the intersection of the border and the horizontal meridian representation. (Reprinted with permission from Tusa RJ, Rosenquist AC, 
Palmer LA. Retinotopic organization of areas 18 and 19 in the cat. J Comp Neurol 1979;185:657-678.) 
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Figure 4.24. Dorsal view of the left hemisphere of the canine brain. The 
solid arrow points to the location of the cortical area of central vision in Bea- 
gles. The hollow arrow points to the location of the cortical area of central 
vision in Greyhounds. The vertical axis represents distance (cm) anterior 
(positive values) and posterior (negative values) to the interaural plane 
(IAP); the horizontal axis represents distance (cm) lateral to the midline. A, 
marginal sulcus; B, marginal gyrus; C, endomarginal sulcus; D, endomar- 
ginal gyrus. (Reprinted with permission from Ofri R, Dawson WW, Samuel- 
son DA. Mapping of the cortical area of central vision in two dog breeds. Vet 
Comp Ophthalmol 1994;4:172-178.) 


projected on both retinas.'* Again, this visual field is mapped 
on the surface of the cortex in a retinotopic manner.'?”!"8 In 
other words, adjacent loci of the contralateral visual hemifield 
are projected onto adjacent loci of the cortex in a simple, 
point-to-point manner.!”” 

Figure 4.23 shows the projection of a visual hemifield onto 
the cortical surface. The vertical meridian is a vertical line of 
demarcation that passes through the area centralis (or fovea) 
and divides the retina into a nasal hemifield (projected to the 
contralateral cortex) and a temporal hemifield (projected to 
the ipsilateral cortex).'° The area centralis is represented at 
the center of the vertical meridian. Medial movement (i.e., 
away from the lateral gyrus) on the surface of the striate cortex 
represents peripheral movement (1.e., away from the area cen- 
tralis) in the visual field.!8°2 

Because of the importance of visual input from the area 
centralis, large cortical areas are devoted to processing the sig- 
nals originating from this region. Magnification factor is a 
term coined in 1961 to quantify the disproportionate amount 
of cortical area devoted to processing visual information from 
the area centralis.””' In the retina, each degree of the visual 


field is projected onto a similar-size retinal area, regardless of 
whether it is peripheral or central. The increased resolution 
and processing achieved by the central retina is obtained by 
increasing the density of the ganglion cell or photoreceptor 
(depending on the species) population. In the cortex, on the 
other hand, the density of neurons serving the peripheral and 
central fields is identical. The increased detail with which 
visual input from the area centralis is analyzed is not a result 
of thicker layers and increased cell density, as in the retina, 
Rather, this increased cortical visual discrimination is a result 
of the increased cortical area devoted to representing the area 
centralis. The larger area devoted to processing information 
from the area centralis in turn results in magnification of its 
representation. In the hedgehog, for example, the surface area 
of the striate cortex is 20 mm; half of this area is devoted to 
representing the central 35 degrees of the contralateral visual 
hemifield.!®° In the cat, the surface area is 380 mm’, 50% of 
which is devoted to the central 20 degrees of the visual 
field.!8° In other words, half of V I is devoted to the central 
20 degrees of the feline retina, and half of V I is devoted to the 
rest of the visual field. Both the surface area of V I and the area 
centralis magnification are much larger in the cat than in the 
primitive hedgehog, reflecting the higher evolutionary devel- 
opment of the feline visual system. 


Number of Maps 


The extent of visual resolution and evolution in a given 
species is reflected not only in the surface area of the striate 
cortex and the magnification factor but also in the number of 
visually responsive areas.7°*0? A second visual area, known 
as V II, was discovered by Talbot in 1942 while working on 
the cat.2°3 Because this area lies as a concentric ring lateral to 
the striate cortex, it is also called the parastriate cortex 
(Figs. 4.22 and 4.23).2™ In all mammalian species studied to 
date, this region corresponds histologically to Brodmann’s 
area 18, which is adjacent to Brodmann’s area 17.7” 

Since Talbot’s discovery of a second visual area in the cat, 
multiple visual areas have been discovered in almost every 
species studied. The existence of these multiple cortical visual 
areas reflects the extent of development of the mammalian visual 
system. For example, three cortical visual areas have been iden- 
tified in the hedgehog, which is a primitive insectivore,'®? and 
four such areas have been located in the mouse.” In the cat, 
there are over a dozen visual areas. Three of them, V I, V II, and 
V II (corresponding to Brodmann’s areas 17, 18, and 19), 
occupy most of the feline occipital lobe.” Each of these con- 
tains one representation of the visual hemifield. Additional 
visual areas lie outside the occipital lobe, differing in their size, 
neural organization, region of the visual field they map, and type 
of information processed.2°8 On the basis of many behavioral 
studies in nonhuman primates, where more than 30 such areas 
have been described, it is assumed these extraoccipital areas deal 
with “higher” visual processing, such as shape and location dis- 
crimination as well as facial recognition.2*"' It should be noted 
that the mammalian sensory and auditory organs also have mul- 
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tiple cortical representations of their stimuli. 
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Functional Architecture of the Striate Cortex 


The functional architecture of the striate cortex has been 
extensively studied by Hubel and Wiesel, who received a 
Nobel Prize for their work on cat and monkey cortical organi- 
zation.2!>2!4 As noted previously, incoming fibers from the 
DLGN synapse in layer 4 of V I, which is populated by simple 
cells.2!5 These cells maintain the functional orientation of 
their respective ganglion cells and DLGN layers (regarding 
stimulus orientation, movement, direction, and antagonistic 
center-surround), but they are monocular in nature. Simple 
cells output to more complex cells in other cortical layers.*"® 
Complex cortical cells receive binocular input (from several 
simple cells), but input from one eye is dominant over that of 
the other eye. In addition, other cortical cells, termed color 
opponent cells, display antagonistic center-surround proper- 
ties (similar to those of bipolar and ganglion cells) regarding 
color. 

The basic cortical unit that processes an incoming signal is 
termed a column, which descends through all six layers of the 
cortex.2!72!8 As in the DLGN, vertical penetration through the 
six cortical layers of the column will result in passage through 
cells with (approximately) identical receptive fields. There- 
fore, adjacent retinal receptive fields project onto adjacent 
columns in V I. As stated, there is no difference in size 
between columns serving the central and the peripheral retina; 
rather, more columns are used to process visual input from the 
central retina. 

There are several functional types of columns in V I devoted 
to stimulus size, color, orientation, and ocular dominance. An 
example of the last two types is shown in Figure 4.25. In an ori- 
entation column, all the cells respond best only to one stimulus 
orientation; in other words, cells in a given column may fire in 
response to a horizontal bar but not to a vertical or diagonal 
bar. Movement of 50 um along one axis of the cortical surface 
will bring a shift of 10 degrees in the orientation prefer- 
ence of the cells. Movement of 0.1 mm along the same axis 
will shift the orientation preference by 20 degrees. Therefore, 
a column 0.9-mm wide will contain cells responding to 
180-degree changes in orientation, thus containing all the pos- 
sible permutations. 

Movement along another axis of the cortical surface will 
result in movement across dominance columns. A dominance 
column is an area approximately 0.4-mm wide in which input 
from one eye is dominant over that of the other eye. The domi- 
nance is strongest at the center of the column and falls off grad- 
ually, so that input is almost equally binocular at the column 
periphery. As movement continues into the adjacent column, 
there is a gradual buildup of dominance by the other eye, which, 
again, will be most dominant at the adjacent column’s center. 

A hypercolumn is a complete set of both column types. It 
contains, along one axis 0.9 mm in length, all possible permu- 
tations of orientation preferences. Along a different axis 
0.8 mm in length, it contains all possible ocular dominance 
combinations. Therefore, every given cell in a hypercolumn 
will respond best just to one stimulus orientation from one eye, 
thus representing the first level of cortical signal processing. 
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Figure 4.25. Cortical hypercolumn in V |. A hypercolumn is made of an 
aggregate of orientation columns (AC axis) and dominance columns (AB 
axis). In an orientation column, all cells respond preferentially to a given ori- 
entation of the stimulus (arrows along the AC axis). Moving a cortical sur- 
face electrode 50 um along the AC axis would bring it into the adjacent 
orientation column, in which cells respond preferentially to a stimulus that is 
shifted by 10 degrees (shifted arrow). Movement of 0.1 mm will result in 
movement through two columns and shift the orientation preference by 
20 degrees. Movement of 0.9 mm will encompass orientation preferences 
of 180 degrees. Dominance columns (along the AB axis) are 0.4-mm wide 
and made of cells that receive preferential input from one eye. In the center 
of the hypercolumn, cells receive equal input from the left and right eyes 
(R and L are of equal size). Movement in one direction along the AB axis 
will result in progressively stronger input from the left eye and weaker input 
from the right eye (note progressively larger L and smaller R). Movement in 
the other direction will result in progressively stronger input from the right 
eye (larger R) and weaker input from the left eye (small L). 


Additional processing of the visual signal occurs both at 
the striate cortex and in other visual areas. In addition to 
hypercolumns for orientation and dominance selectivity, the 
striate cortex also contains a parallel and separate system to 
process spectral information. Cells belonging to this system 
are arranged in “blobs” (on the basis of their staining for 
cytochrome oxidase) and respond selectively to different com- 
binations of stimulus wavelength.”!’ Similar processing 
occurs at V II, but afterward, the visual pathways diverge 
while still maintaining the functional segregation of the mag- 
nocellular (stereopsis, movement, directionality, and contrast 
sensitivity) and of the parvocellular (spatial resolution and 
color sensitivity) systems (Fig. 4.26).7?°??? Areas of the 
middle temporal lobe appear to be associated with analysis of 
movement, including speed, orientation, and direction, and 
with stereoscopic depth.” The parietal lobe appears to func- 
tion in spatial recognition and localization of objects in 
space,’ and V 4 is rich in color-processing cells.22°72! The 
temporal lobe deals with object (i.e., facial) recognition 
and discrimination.” At the same time, there is also exten- 
sive feedback activity, with signals conducted along efferent 
pathways from extrastriate areas to V J and from there back to 
the LGN. 

In less than half a second, the isomerization of rhodopsin 
by a photon has set off a chain reaction through the various 
retinal layers, along the optic nerve and tract, and in the 
DLGN, that has resulted in a processed cortical signal. A sight 
to behold! 
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Figure 4.26. Occipitotemporal and occipitoparietal pathways. The 
occipitotemporal pathway, which is involved with objective identification, 
interconnects with the prestriate and inferior temporal areas (OB, OA, TEO, 
TE) and links with the limbic system (shaded area [hippocampus]) and the 
ventral frontal lobe (Fdv). The occipitoparietal pathway is involved with per- 
ception of an object in space and interconnects with the prestriate and infe- 
rior parietal areas (OB, OA, PG). It links with the dorsal limbic system and 
dorsal frontal lobe (FDA). OC, primary visual cortex. (Modified from Mishkin 
K, Ungerleider LG, Macko KA. Object vision and spatial vision: Two cortical 
pathways. Trends Neurosci 1986;6:414—417.) 


VISUAL PERCEPTION 


Light and Dark Adaptation 


The eye can respond to changes in levels of background 
luminance by changing its sensitivity.!*4??-*2” A decrease in 
luminance will activate the rod system, resulting in increased 
sensitivity (i.e., lower threshold) and scotopic vision. An 
increase in background luminance will lead to mesopic vision 
in which both the rod and cone systems are active. Further 
increases in background illumination will result in light adap- 
tation. At luminance levels greater than 0.03 cd/m’, only the 
photopic cone system is active, resulting in lower sensitivity 
(i.e., higher threshold). As noted previously, however, what is 
lost in sensitivity is gained in improved color vision and visual 
acuity, which characterize cone function and output. 

Several mechanisms are responsible for changes of visual 
sensitivity in response to changes of luminance. Foremost 
among these are changes in the concentrations of available 
photopigment in the outer segments.!**1°* As noted earlier, 
light causes dissociation of retinal and opsin, leading to 
bleaching of the photopigment. This, in turn, results in deple- 
tion of the available photopigment and leads to a proportional 
increase in the visual threshold (i.e., lower sensitivity). With 
the onset of darkness, opsin binds again to the chromophore, 
which will lead to an increase in photopigment concentration. 
The resulting increase in sensitivity is directly proportional to 
the concentration of available photopigment. 

These photochemical processes contribute significantly to 
visual adaptation, but they are relatively slow. Visual adapta- 
tion, however, also has a fast component, which is mediated 
by synaptic and lateral activity in retinal neurons. 14014-14 


This part of the adaptation process results from the center. 
surround antagonism in receptive fields of bipolar and gan. 
glion cells. Steady background illumination, which will fal] 
on the surround receptive field, causes a decrease in the 
response of the central visual field. Conversely, sudden onset 
of a focal stimulus in a dark room elicits a higher response 
(shifting of a response-intensity curve to the left). 

A third mechanism contributing to light and dark adapta- 
tion is the size of the pupil, which helps regulate the amount of 
light that may reach the retina. However, its contribution to the 
overall process is relatively minor. It has been estimated that 
in humans, photochemical reactions resulting in pigment 
regeneration provide adaptation over 8 log units of illumina- 
tion. Neural processing in the retina provides adaptation over 
an illumination range of 3 log units, while pupillary dilation 
and constriction provide adaptation over illumination changes 
of just one log unit. 

Contrary to popular belief, cones also dark adapt. However, 
this is a relatively fast process, complete in 5 to 10 minutes, 
that increases our sensitivity to light by just 2 log units. Dark 
adaptation in rods is a much longer process, which makes a 
more significant contribution to the overall sensitivity of the 
eye. The duration of the rod dark adaptation and its contribu- 
tion to the range of visible illumination varies between species 
based on the degree of development of their scotopic system. 
In humans, the process of dark adaptation lasts 20 to 30 min- 
utes, while in nocturnal animals increased sensitivity to 
low light levels can be recorded up to 1 hour after onset of 
darkness. 

A converse process is that of light adaptation, where the 
eye adapts itself to detecting stimuli against a background of 
light. As the luminance of the background light increases, 
eventually the eye reaches a point of saturation at which the 
stimulus cannot be detected against the bright background. 


Flicker Detection 


Temporal responsiveness of the eye has two aspects: motion 
detection and flicker detection. The eye responds to flashes of 
light, but as the frequency of these flashes increases, a point is 
reached at which the eye can no longer distinguish the individ- 
ual flashes. At this point, which is termed the critical flicker 
frequency (CFF), the eye perceives a steady light even though 
this light is made up of numerous flickers.” There are 
separate CFFs for the rod and cone systems (just as there are 
separate adaptation mechanisms for the rod and cone systems). 
Therefore, CFF is a function of stimulus intensity, wavelength, 
illumination, and the retinal area stimulated. Figure 4.27 shows 
the effect of the last two variables on CFF. It can be appreciated 
that flickers of low-intensity light projected on the peripheral 
retina, and consequently stimulating the rod pathway, “fuse” at 
a frequency of approximately 10 Hz. Flickers characterized by 
high illumination projected onto the central retina will activate 
the cone pathway and therefore fuse at much higher frequen- 
cies. As implied in Figure 4.27, if the picture in your television 
or computer monitor is flickering, one way to overcome the 
problem is to reduce the screen’s intensity! 


Critical frequency (Hz) 
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Figure 4.27. Critical flicker frequency as a function of retinal illumina- 
tion (X axis) for light projected on three different retinal locations. As can be 
seen, the highest CFF values are attained for light flashing on the foveal 
region (0° - ^). The lowest values are for light flashing in the retinal periph- 
ery (15° - A). CFF values also increase with illumination. Both of these char- 
acteristics illustrate that cones’ CFF is higher than rods’ CFF. (Reprinted 
with permission from Hart WM, Jr. The temporal responsiveness of vision. 
In; Hart WM Jr, ed. Adler's Physiology of the Eye. 9th ed. St. Louis: 
Mosby—Year Book, 1992:548-579.) 


As noted, CFF is affected by numerous factors, and there- 
fore it is difficult to make interspecies comparisons. However, 
in general, the CFF for the canine rod system is similar to that 
of humans (10-20 Hz). The CFF for the canine cone system is 
higher than that of humans, and values of 60 to 90 Hz have 
been reported. 


Motion Perception 


The functional basis for movement detection in the retina and 
brain has already been discussed. Lateral processing by 
amacrine cells contributes to movement and direction sensi- 
tivity in the retina (Fig. 4.28).!*748 Movement detection is 
also one of the characteristics of the magnocellular path- 
way.!>!:!52 The large dendritic tree and transient responses of 
the a- or Y-type cells make them particularly adapted for 
motion detection. Because of this pathway segregation, sensi- 
tivity to motion is regarded as a characteristic of the peripheral 
retina; however, this concept is a generalization. The periph- 
eral retina perceives motion and may be sensitive to certain 
speeds, directions, or objects that function as “attention-grab- 
bing” stimuli. Subtle movement, however, is best detected by 
the more central retina, which has a lower threshold for 
motion detection. Therefore, contrary to popular belief, 
motion sensitivity is directly correlated with visual acuity. 
Thus, a human can detect objects 10 times slower than a cat 
can.”! Similarly, the peripheral retina has a higher motion 
detection threshold than the area centralis. 

Psychophysically, there are three ways of discerning 
motion.”™234 Movement can be perceived if an object is mov- 
ing across our visual field while our eyes and head are station- 
ary. Stimulation of different retinal regions results in the 
perception of movement. Motion can also be perceived when 
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Figure 4.28. A possible mechanism to explain directionally selective reti- 
nal ganglion cells. A stimulus moving in a no-response direction activates 
photoreceptors, which in turn excite amacrine cells that inhibit ganglion cell 
dendrites when the succeeding photoreceptors are activated. A stimulus 
moving in the response direction activates photoreceptors, which in turn 
activate bipolar and ganglion cells. In this case, amacrine cells inhibit 
ganglion cells after the stimulus has passed. (Reprinted with permission 
from Barlow HB, Levick WR. The mechanism of directionally selective units 
in the rabbit's retina. J Physiol 1965;178:496.) 


either the head or the eyes are moved to pursue a moving 
object. These head or eye movements help the eye to maintain 
a steady image of a moving object on the retina, thereby 
allowing more time for visual processing of its properties. 
(Ocular motility is discussed in greater detail in Chapter 3.) It 
is interesting to note that even though each of these perceptual 
mechanisms involves the use of different pathways, all three 
result in similar sensations and experiences. A somewhat dif- 
ferent problem results from the rapid saccadic eye move- 
ments. Theoretically, these movements should result in a 
blurry image because of the speed with which the object 
would move across the visual field. It is suspected that 
neuronal suppression is responsible for the “smooth” image 
that is eventually perceived following saccadic movements. 


Binocular Vision and Depth Perception 


A binocular visual field is one in which both eyes see simulta- 
neously. The magnitude and extent of binocular vision 
depends, to a large extent, on placement of the orbits within the 
skull (Fig. 4.29). In species with frontal eyes (e.g., carnivores), 
most of the visual field is covered by binocular vision; there are 
two small, peripheral uniocular fields and a large blind spot 
behind the skull (Fig. 4.29). In species with more lateral eyes 
(e.g., herbivores), there is a small, central, binocular field; two 
large, peripheral uniocular fields; and a small blind spot (Fig. 
4.29). Placement of the orbit is discussed in greater detail in 
Chapter 2. 

Depth perception, or stereopsis, is most commonly associ- 
ated with binocular vision, and the extent to which the visual 
fields of the two eyes overlap.”*>*** For every object located 
in the binocular visual field, two images are formed (one by 
each eye). Because of differences in viewing angles between 
the two eyes, however, these two images are nearly always 
disparate. Therefore, a neural mechanism must exist that 
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Figure 4.29. A. Equine visual field showing a small binocular field, large 
panoramic uniocular areas, and a small blind area. B. Primate visual field 
showing a large binocular field, small uniocular areas, and a large blind 
area. (Modified from Duke-Elder S. System of Ophthalmology. Vol. |. The 
Eye in Evolution. London: H. Kimpton, 1970). 


correlates disparate images and either fuses them into one 
response or suppresses one of them. Failure of such a mecha- 
nism will result in diplopia (i.e., double vision) or visual 
rivalry (i.e., visual confusion). 

As discussed previously, the first synapse following decus- 
sation occurs at the DLGN; however, no binocular interaction 
occurs at this site. The segregation between the output of the 
two eyes is also maintained at the first cortical synapse (i.e., the 
simple cells populating layer 4 of V I). These cells output to 
adjacent layers of V I and to other extrastriate visual areas, 
where many of the neurons receive binocular input. These neu- 
rons act as “disparity detectors.” Their response can either be 
amplified due to fusion of two slightly disparate images from 
both eyes or slightly inhibited due to suppression of an image 
from the less dominant eye. Both binocular and disparity- 
selective neurons have been described in the cortices of a num- 
ber of species with laterally placed eyes, including the sheep, 
goat, and rabbit.” Their existence would account for the 
superior binocular stereopsis that has been demonstrated 
behaviorally in the horse, despite its relatively small binocular 
field.*! It should be noted that the previously discussed segre- 
gation into magnocellular and parvocellular pathways is also 
maintained in regard to stereopsis. The parvocellular pathway 
is associated with static stereopsis and fine disparities, and the 
magnocellular path is associated with motion stereopsis and 
coarse disparities. 

Another prerequisite for binocular vision is optic nerve 
decussation. Obviously, species with no decussation at the 
optic chiasm (e.g., birds) lack input required to generate the 
binocular cortical maps discussed previously. Such species 
rely on cerebral commissures connecting the two hemispheres 
to make stereopsis possible. It should also be noted that depth 
perception (i.e., stereopsis) is possible in uniocular visual 
fields thanks to visual cues such as aerial and geometric per- 
spectives, shadows, movement, texture gradients, and interpo- 
sition.”* Such cues have long been thought to play a central 
role in providing stereopsis for animals with laterally placed 
eyes. However, it has been shown that even species with 


lateral orbits (such as the horse) rely on binocular rather than 
monocular stereopsis.*’ An interesting question that remains 
unstudied in veterinary medicine is the effect of enucleation 
on stereopsis, and the extent to which one-eyed animals can 
learn to use such uniocular visual cues. 


Color Vision 


Classically, color vision is considered to be a property of 
cones, !4!242-244 More specifically, color vision is determined 
by the number of photopigment classes to be found in the 
retina. Photopigments are classified according to the wave- 
length at which the opsin molecule has its peak absorption, 
Species in which all cones contain just one type of photopig- 
ment are said to be monochromatic, and their color vision is 
limited to different shades of that one color. In dichromatic 
species, there are two classes of cones, each containing a pho- 
topigment characterized by a different absorption curve, while 
trichromatic and tetrachomatic species have three or four 
classes of cones, respectively, as characterized by their 
photopigments (Fig. 4.30; Table 4.6). 

As Figure 4.30 shows, the absorbance curve of a given 
photopigment is bell-shaped. Peak absorbance (or maximum 
sensitivity) occurs at a primary wavelength, but the photore- 
ceptor can also be hyperpolarized (to a lesser extent) by a rela- 
tively broad range of wavelengths. Furthermore, in species 
with overlap of two or more absorbance curves, a given light 
stimulus will stimulate (to differing degrees) cones of differ- 
ent classes. The extent of stimulation of the various cone 
classes will determine the color perceived. For example, the 
dashed line seen in Figure 4.30 would describe a “green-red” 
color, because this light stimulated a given number of green 
cones and a smaller number of red cones. A different light, 
with a slightly higher red component, would stimulate 
a slightly higher number of red cones (and fewer green cones), 
and its line would be shifted to the right. An observer would 
describe this color as “more reddish-green.” Under optimal 
conditions, humans can detect color differences as subtle as 
1 to 2 nm. Therefore, the “richness” of color vision, or the 
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Figure 4.30. Cone absorption in a trichromatic species. The absorption 
peaks are for blue (455 nm), green (530 nm), and red (625 nm) light. The 
dashed line denotes a random “green-red” color. 


i 
i 
| 
| 


number of hues that can be perceived, is a function of the 
number of cone classes and the degree of their overlap. 

Humans possess three populations of opsins, with maximal 
absorbance of short (~420 nm, or blue), medium (~530 nm, or 
green), and long (~560 nm, or red) wavelengths. The associ- 
ated cone populations are therefore commonly known as S, M, 
and L cones, respectively. The green photopigment is the most 
abundant in the human retina, while the blue is the scarcest. It 
is important to understand (for purposes of discussing color 
vision with pet owners) that most so-called color blind people 
are not truly color blind. True color blindness, whereby a 
person has no cones and relies only on rod vision, is called 
achromotopsia, and it is an extremely rare condition affecting 
0.00003 % of the population. Most “color blind” people are in 
fact dichromats, who are usually missing the green (1%) or 
red (1%) photopigment. 

The peak absorbances of cones in animal species com- 
monly seen by veterinarians are provided in Table 4.6. As can 
be seen, and contrary to popular misconception, most of our 
patients, including the dog, horse, and ruminant species, are 
dichromats rather than color blind. Most of these species have 
a short wavelength cone population, with maximal absorbance 
of 435 to 455 nm, and a middle/long wavelength cone popula- 
tion with peak absorbance of 530 to 555 nm. Thus, their color 
vision is comparable to that of deuternopes, or humans 
missing the green cone population (Fig. 4.31). Cats are excep- 
tional: microspectrophotometry studies in cats indicate a 
trichromatic cone system, but feline behavioral studies reveal 
only a dichromatic capability.“° Some animal species are 
monochromatic and therefore perceive only various shades of 
one color. These are mostly nocturnal species (e.g., the rat) 
that function in environments where color vision is of little 
consequence. At the other end of the spectrum, many avian 
and fish species have tetrachromatic vision due to the presence 
of an additional opsin molecule with peak absorbance in the 


Figure 4.31. A dog's view of the world. Note the lack of green shades 
and the low visual resolution (especially for distant objects). (Reproduced 
from http:/Awww.veterinaryvision.com with permission by Dr C. Cook.) 
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ultraviolet range (320-400 nm).™ We can only imagine the 
richness of color vision in such species! 

Perception of color also depends on the luminosity of the 
light source. Colors are best perceived in bright light, when 
the photopic system is active. As the source luminosity 
decreases, so does the perception of color. At low illumina- 
tion, when only the rod system is functional, the observer can 
see only varying shades of gray. This is probably why the 
absorption peak of rhodopsin is almost constant (495-500 
nm) in most species. There is no evolutionary force driving 
development of color-vision capabilities in photoreceptors 
that are active in the dark. For similar reasons, some noc- 
turnal species, including nocturnal primates (e.g., the owl 
monkey), have not developed color vision and have remained 
monochromatic (Table 4.6). 

Color vision, however, is not determined only by the stimu- 
lus and the photopigment. As noted in the beginning of this 
chapter, attenuation and filtering of different wavelengths by 
the various ocular layers may prevent certain colors from 
reaching the retina, thus affecting our ability to perceive 
them. Another extraretinal factor that determines color 
perception is the architecture of the DLGN and visual 
cortex.!4>20221 Both areas are populated by color-sensitive 
cells, termed opponent color cells. These cells are activated in 
response to a given color but are inhibited by another, in a 
manner similar to the on-off responses characterizing the reti- 
nal bipolar and ganglion cells. For example, yellow-blue cells 
respond to yellow light, but they are inhibited by blue light. 
Other cells may be triggered by red light and inhibited by 
green. Double opponent cells will respond in an antagonistic 
manner to both spatial and spectral stimuli. Thus, some 
cells may be “red-on-center, green-off-surround,” or “blue- 
on-center, yellow-off-surround.” Obviously, the number of 
possible double opponent cell types is potentially very large, 
depending on the number of cone classes. 

Oil droplets found in the cones of birds also play a role in 
color vision by filtering out different wavelengths of incoming 
light and shifting the wavelength sensitivity of the photore- 
ceptor. The yellowing of the lens in some species, such as the 
horse, may have a similar function, as it filters out the blue 
wavelengths of incoming light. 


Visual Acuity 


Visual acuity is the maximal resolving power of the eye, or the 
minimal angle that can be visually resolved. There are a num- 
ber of ways to express visual acuity, but the best known 
method is based on the Snellen chart. Determination of 
Snellen acuity requires verbal cooperation by the test subject, 
however, and therefore is not applicable in veterinary medi- 
cine. In animals, visual acuity can be determined using behav- 
ioral tests, electrophysiologic recordings (to determine the 
smallest pattern that elicits a retinal or cortical response), or 
pursuit (i.e., optokinetic) eye responses (to determine the 
smallest stimulus that elicits a tracking eye movement). There 
are two ways to express the results of these tests (Fig. 4.32). 
Cycles per degree (cpd) is the number of cycles (a dark and a 
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Figure 4.32. Visual acuity expressed in cpd and MAR. The acuity of the 
observer on the left is denoted in cpd, which expresses the number of 
cycles (each cycle consisting of a dark and a light bar) seen within a 
1-degree visual field. The observer on the right has an identical visual acu- 
ity, but it is denoted in MAR, which expresses the angle (in minutes) sub- 
tended by a single bar. A. The acuity of the observer on the left is 2 cpd (two 
pairs of light and dark bars). Because there are four bars in a degree, each 
is 15-ft wide; therefore, the acuity of the observer on the right is 15 MAR. B. 
The observer on the left can discriminate four pairs of dark and light bars in 
a 1-degree field and therefore has an acuity of 4 cpd. The width of each bar 
is now 7.5-ft, however, and the acuity of the observer on the right is there- 
fore 7.5 MAR. 


white bar) that can be seen within a field subtended by a 
l-degree visual angle. Minutes of arc (MAR) describes the 
angle (in minutes) subtended by the narrowest bar that can be 
discriminated. These values are inversely related. If a subject 
can resolve very narrow bars (resulting in a low MAR value), 
it will be able to see many bars (a high cpd value) within a 
1-degree visual field. (A chart converting between Snellen, 
cpd, and MAR values is provided elsewhere.*°) A human adult 
typically has a Snellen acuity of 20/15, which is equivalent to 
45 seconds of arc or 36 cpd. Values for various animal species 
are provided in Table 4.8. Figure 4.31 shows the optical qual- 
ity of the images formed by a dog’s eye. 

Many factors influence visual acuity. These include both 
stimulus and ocular parameters. The two most important stim- 
ulus parameters are the luminance and contrast of the stimulus. 
At low luminance levels, when only the scotopic system is 


Table 4.8 Visual Resolution in Animals 


Resolution Method of 

Species (cycles/degree) Determinations? References 
Dog 4.3-11.6 2 249, 266 
Cat 3.5-8.6 WZ 267, 268 
Cow 1.8 1 56 
Horse 18-23 1 269 

16.5 3 106 

10.3 2 270 
Human 30 
Eagle 132-143 is 271 IRCE: 


aMethod of determination: 1, behavioral; 2, electrophysiology, 3, calcu- 
lated based on retinal anatomy. 


active, the signal generated by the photoreceptors is transmitted 
by the converging rod pathway, resulting in low acuity (Fig, 
4.18). Visual acuity improves significantly at high luminance 
(i.e., photopic) levels because of the 1:1 ratio between the acti- 
vated cones and their ganglion cells; at these levels, acuity jg 
largely a function of the physical size and distance between 
cones. Likewise, a high degree of contrast is required for high 
acuity. If there is little contrast between two adjacent bars, it 
will be very difficult to distinguish between them. Therefore, 
acuity and contrast sensitivity should, theoretically, be propor- 
tional to each other. Because of optical limitations and physio- 
logic signal processing, however, there is a loss of contrast 
sensitivity at both high and low spatial frequencies. Other stim- 
ulus parameters influencing visual acuity include stimulus 
duration (acuity declines for brief stimuli because of insuffi- 
cient exposure) and stimulus movement (movement faster than 
the tracking response will, again, result in insufficient retinal 
exposure). 

The refractive error of the eye is among the most important 
ocular factors influencing visual acuity. Maximal acuity can be 
obtained only in an emmetropic eye, when the image is 
focused on the retina. Ammetropia leads to loss of acuity and 
has been associated with resulting behavioral problems such as 
increased nervousness.” Refractive errors may be corrected by 
accommodation; however, this mechanism is limited in most 
nonavians and nonprimates. Another handicap in many animal 
species is the presence of a tapetum lucidum in the choroid. 
Light striking the tapetum is reflected back onto the retina at 
various angles, resulting in light scatter and diminished acuity, 

The size of the pupil is another important consideration in 
visual acuity. Pupil size changes with illumination levels, thus 
resulting in improved acuity. At scotopic levels, mydriasis 
permits a greater number of photons to enter the eye, thus 
increasing the resolution of the rod system. At photopic levels, 
miosis decreases the optical aberrations inherent in the eye. 
Furthermore, a miotic pupil increases the depth of focus, 
thereby increasing the distance over which objects remain in 
focus without active accommodation. With extreme mydriasis 
or miosis, however, optical and chromatic aberrations again 
result in a decline of visual acuity. 

Visual acuity is also determined, to a large extent, by reti- 
nal anatomy; the correlation between visual acuity and the rod 
and cone pathways has already been discussed. Visual acuity 
decreases as a function of increased retinal eccentricity 
because of the decreased number of cones and ganglion cells 
in the peripheral retina (Table 4.7) and because signals from 
the peripheral retina are processed by the converging rod path- 


way. This decline in the peripheral ganglion cell population 


has been noted in the cat and horse.”* Additionally, the 
peripheral retina is populated mostly by &- or Y-type ganglion 
cells, which are characterized by large dendritic trees, further 
contributing to the low acuity of this region. Thus, it is not sur- 
prising that low visual acuity has been demonstrated in the 
peripheral retina of the dog.” 

Conversely, the architecture of the central retina has 
evolved to provide maximal visual acuity. It is characterized 
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bya maximal number of cones and ganglion cells, by a low 
photoreceptor-ganglion cell ratio, and by a large population 
of B- or X-type ganglion cells. The presence of these factors 
defines the existence of a specialized retinal region, the area 
centralis (or visual streak). In primates and birds, this region 
has further evolved into a fovea (and its surrounding macula), 
which is an anatomic pit in the retina in which there are no 
rods. These regions are also characterized by the absence of 
structures that might interfere with absorption of incoming 
light, such as blood vessels, ganglion cell axons, and (in 
foveas) the INL. 

Obviously, differences in cone-rod ratios and variations in 
ganglion cell types are not limited to regional retinal varia- 
tions. Such differences are also found between species, 
depending on their environment (diurnal vs. nocturnal), life 
style (herbivorous vs. carnivorous), and other evolutionary 
factors (Table 4.7). The low cone concentration and small 
number of optic nerve fibers, combined with the presence of a 
light-scattering tapetum, are the limiting reason for the low 
acuity values in the cat. Because of these retinal anatomy con- 
straints, the low acuity values of our patients can never be 
improved by visual aids such as glasses or LASIK surgery, 
contrary to suggestions by the general public. However, 
what cats lack in cone function they may gain in rod 
function. The maximal rod concentration in cats and humans 
is 460,000/mm? and 160,000/mm?, respectively. Therefore, 
though their view of the world may not be as colored or 
detailed as ours, cats continue to see while we are left groping 
in the dark! 
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Ocular Immunity 


Daniel J. Biros 


INTRODUCTION 


Comparative ophthalmologists have come a long way in 
understanding how the immune response affects ocular dis- 
ease in domestic animals. From cancer to infection, trauma to 
autoimmunity, almost all ocular pathology can be linked to 
one or more components of the immune response. Further, 
recognition of most ocular diseases and delivery of the most 
effective treatments for common eye problems are becoming 
more dependent on an accurate and up-to-date understanding 
of ocular immunity both in health and disease. The goal of 
this chapter is twofold: to distinguish ocular immunity as an 
extreme type of a regional immune response and to explain 
how most of the time the delicate tissue of the eye is well pro- 
tected from the powerful and often destructive forces of the 
immune system but at other times becomes highly vulnerable 
when the forces of ocular immunity break down. 


WHAT IS OCULAR IMMUNITY? 


Ocular immunity is a highly specialized form of a regional 
immune response whereby the body alters immune system 
functionality in order to preserve the delicate tissues of the 
eye. Regional immunity is important because to protect itself 
against a great range of invading pathogens, the body must 
possess diverse strategies. As a result, a range of immune 
effector mechanisms has evolved. Many subsets of not only T 
cells but also immunoglobulin classes exist to provide the best 
possible protection against pathogen invasion and disease. 
Individual body tissues are able to select among this wide 
range of defense mechanisms to preserve physiologic function 
while overcoming the virulence of the invading pathogen. 
The eye has developed specific and unique mechanisms to 
maintain homeostasis and minimize the potential for damage 
inflicted by immunogenic inflammation (Table 5.1). Otherwise 
known as ocular immune privilege, ocular immunity is defined 
by (a) the unique passive and active immunomodulatory proper- 
ties of its microenvironment, (b) its ability to alter the functional- 
ity of immune cells, and (c) its expression of immune tolerance 
in an allograft tissue transplantation setting. The phenomenon 


now known as immune privilege was first reported by van 
Dooremal in a paper published in 1873! and later rediscovered 
by Medawar in the late 1940s.? Medawar later won the Nobel 
prize for his work. It was Medawar who first defined an immune 
privileged site as one of immunologic ignorance, stating that the 
unique properties of immune privilege sites were passive in 
nature. Less than a decade later, in 1953, Billingham first 
reported the corneal epithelium as immune privileged tissue. 
Only later would we understand that the unique immune proper- 
ties held within the corneal epithelium would significantly con- 
tribute to the high success rate of corneal transplantation in 
humans. Nonetheless, it wasn’t until around 1975 that Billing- 
ham, Kaplan, Streilein, and their colleagues discovered that 
ocular immunity actually possesses active and systemic mecha- 
nisms in addition to the passive localized features pointed out by 
Medawar.*® This discovery led to the current definitions of 
immune privilege described primarily as a unique set of 


Table 5.1 Concepts in Regional Immunity Applied to the Eye 


Ophthalmic Manifestation 
Aqueous humor produced by 


the ciliary body; vitreous 


Concept 


Semiconfined microenvironment 


Tissue-specific antigen 
presenting cells 


Macrophages and dendritic 
cells in the iris stroma, 
trabecular meshwork, ciliary 
body, choriocapillaris 
stroma; microglia of retina 

lridal, choroidal, and ciliary 
body stromal macrophages 


Innate immune cells 


Blood—ocular barrier Tight junctions in ciliary body 
and retinal pigment 
epithelium; vascular 
endothelium of iris and 


retinal vessels 


Afferent lymphatics No lymphatic vessels except 
in choroid; uveoscleral 


pathway 


Nerves Autonomic nerves iniiris, 


ciliary body, choroid; 
corneal C-type fibers 
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characteristics of a tissue (or a site) in the body based specifi- 
cally on its response to tissue transplantation: immune privileged 
tissue is tissue that survives for a prolonged period of time in a 
nonimmune privileged site,” and immune privileged site is a 
part of the body that can contain a transplanted nonimmune 
privileged tissue for a prolonged period of time.‘ Active and pas- 
sive mechanisms of ocular immune privilege (to be discussed in 
more detail later) are listed in Table 5.2. Known immune privi- 
leged tissues and sites are listed in Tables 5.3 and 5.4. 


PRINCIPLES OF INNATE AND 
ADAPTIVE IMMUNITY 


Before examining the details of what drives the ocular 
immune response, we should first understand the components 
of the two primary levels of immune regulation: innate and 
adaptive immunity. In general, the innate immune system is 
based on the phagocyte response as a first line of defense in an 


Table 5.2 Tissue Characteristics in Ocular Immunity 


1. Blood—tissue barrier 

2. No lymphatic vessels 

3. Low MHC molecule expression 

4, Presence of functional immunomodulatory factors 

5. Extended allograft survival compared with other tissues 
6. Capable of APC-mediated immune deviation 

7. Abundant Fas ligand expression 

8. Ability to generate regulatory T cells 


Table 5.3 Immune Privilege Sites 


1. Brain ] 


2. Eye: central cornea, anterior chamber, vitreous cavity, subretinal 
space 


3. Pregnant uterus 
4. Testis 

5. Hair follicles 

6. Adrenal cortex 
7. Certain tumors 


8. Hamster cheek pouch 
|s p 


Table 5.4 Immune Privilege Tissues 


1. Brain and spinal cord 

2. Eye: cornea, lens, pigment epithelium, retina 
3. Placenta 

4. Ovary 

5. Testis 

6. Liver 


7. Certain tumors 


8. Hamster cheek pouch 


infection. Receptors found on circulating neutrophils ang 
macrophages locate and bind, for example, many common 
bacterial surface markers. This leads to phagocytosis of the 
pathogen and release of cytokines into the environment. These 
cytokines in turn mediate the behavior of other immune cells, 
The innate response occurs within minutes to hours of injury 
or infection and is seen clinically as acute inflammation: red- 
ness, pain, swelling, heat, and impairment or loss of tissue 
function. Vasodilation and vasopermeability also characterize 
innate immunity and are integral to mounting a successful 
immune response to the pathogen by permitting the travel of 
innate immune cells to the site of infection. 

The adaptive immune response depends on successful 
presentation of a pathogenic antigen to a circulating antigen- 
presenting cell (APC). These antigen-loaded APCs then 
migrate from the affected tissue to a regional lymph node to 
activate and trigger the production of a clonal population of 
lymphocytes. The stimulated lymphocytes travel out of the 
lymph node and circulate to the site of infection to release a 
targeted killing of the pathogen. This is accomplished either 
by direct killing of the pathogen by the lymphocyte or by 
directing other lymphocytes to release cytokines that direct 
other immune cells to clear the pathogen. Adaptive immunity 
takes up to 7 days to elicit a specific population of lympho- 
cytes to direct a highly specific and directed targeting of the 
pathogen. The mechanisms of adaptive immunity are 
designed to eliminate the four classes of pathogens: extracel- 
lular bacteria, parasites, and fungi; intracellular bacteria and 
parasites; viruses; and parasitic worms. Several immune 
effectors and their functional properties are listed in Table 5.5. 
The T cell response is a primary focus of study in ocular 
immunity. The anterior chamber—associated immune devia- 
tion (ACAID) response (discussed later) is an example of 
regional immune deviation from a conventional T cell 


Table 5.5 Functions of Immune Effectors 


Immune Effectors Functional Properties 


Neutrophils Secrete toxic cytokines 
and promote 
angiogenesis 

Macrophages Secrete mediators, 


causing bystander 
tissue damage 


Complement-fixing antibodies Activate complement 


Activated complement Triggers generalized 


inflammation 
Lyse MHC class | 


Secrete proinflammatory 
cytokines, bystander 
damage 


NK cells 
Th1 and Th2 cells 


Cytotoxic T cells Destroys MHC class 
l-expressing target 
cells 


Noncomplement-fixing antibodies Neutralizes pathogens- 


iC3b Promotes ACAID 
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response leading to adaptive immunity. In order to fully 
understand the principles of ocular immunity and ACAID, it is 
worthwhile to review the mechanisms of the T cell in adaptive 
immunity.!! 


T Cell Activation 


There are two distinct signals in T cell activation. The first is 
accomplished through antigen recognition and the second 
through accessory activation receptors such as B7 and 
ICAM-1 on the surface of the APC and CD28 and LFA-1 on 
the surface of the T cell. Two classes of major histocompati- 
bility complex (MHC) molecules on the surface of APC pres- 
ent processed antigen to the T cell receptor (TCR). Class I 
MHC presents intracellular processed antigens, and class II 
MHC presents exogenous antigens such as those from bacte- 
ria or fungus. Based on genetic recombination, individuals 
possess a wide variety of types of TCR; T cells therefore are 
able to recognize a wide variety of antigens. Nonetheless, T 
cells can bind processed antigen only in the context of the 
MHC of the same individual. CD8 and CD4 receptors on T 
cells also bind to MHC class I and MHC class II, respec- 
tively. CD4 and CD8 markers are found only on mature T 
cells but do contribute to T cell activation as part of Signal 1 
(antigen recognition). 

Without the second, or accessory, activation receptor signal, 
T cell activation will not happen. Activation is mediated through 
B7 on the APC-binding CD28 on the T cell or ICAM-1 on the 
APC-binding LFA-1 on the T cell. This signal is most important 
when activating naive T cells and serves to amplify the intracel- 
lular signals triggered during the TCR-MHC interaction. After 
the accessory T cell-APC ligands are formed, there is an upregu- 
lation of interleukin (IL)-2 and IL-2 receptor on the T cell. The 
autocrine function of IL-2 results in T cell proliferation and 
clonal expansion of the antigen-specific T cells. 


T Cell Differentiation 


Three factors in general determine the nature of the T cell pro- 
duced in an adaptive response: the manner of antigen presen- 
tation, the type of APC, and the microenvironment in which 
the T cells are activated.'* The nature of the innate immune 
response also influences the outcome of adaptive immunity. "° 
There are roughly three types of Th cells in adaptive immu- 
nity: Thl, Th2, and Th3. They are defined by the cytokines 
produced and the type of effector response elicited. Th1 cells 
are characterized by interferon-gamma (IFN-y), tumor necro- 
sis factor (TNF), and IL-2 production. They result in functions 
including delayed type hypersensitivity (DTH), tumor rejec- 
tion, and allograft rejection, and they can mediate B cell 
switching to complement-fixing IgG. Th2 cells produce IL-4, 
IL-5, and IL-13 and are associated with allergic responses. 
Th3 cells make TGF-B, IL-4, and IL-10 and can suppress Th1 
and Th2 activity. The Th3 cells have only recently been char- 
acterized and are shown to be the result of oral tolerance and 
also the immunomodulatory effect of aqueous humor on acti- 
vated T cells. Th3 cells have a potential to suppress autoim- 
munity mediated by Th1 cells. 
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Intracellular signals triggered by surface receptor 
activation drive the T cell response by regulating prolifera- 
tion, driving lymphokine production, and promoting 
expression of surface receptors. The level of intracellular 
signaling during T cell activation is dictated in part by the 
affinity of the TCR to the bound MHC. High-affinity binding 
leads to a Th1 response, and low-affinity binding leads to a 
Th2 (and possibly a Th3) response. Factors that may affect 
affinity include amino acid substitution of the processed 
antigen and unfavorable MHC binding leading to differenti- 
ated TCR signaling. 

Macrophages and dendritic cells may also present antigen to 
T cells through their roles as innate immune response 
mediators, leading primarily to a Thl response. These 
macrophages and dendritic cells upregulate MHC class II 
expression via pathogen-associated molecular patterns (PAMP) 
found on the surface of pathogens. PAMP-induced production 
of IFN-y, TNF, and IL-12 also contributes to the development of 
the Th1 response. 

Unlike macrophages and dendritic cells, activated B cells 
have the ability to present antigen to T cells, leading to a Th2 
response. B cells bind antigen to their surface immunoglobu- 
lin and process it to be presented on MHC class II, which in 
turn finds appropriate TCR for T cell activation in a Th2 man- 
ner. Overexpression of B cell-activating protein B7.2 and 
secretion of IL-1 are thought to contribute to a Th2 response. 
Absence of IFN-y or IL-12 during Th differentiation also 
leads to a preferential development of a Th2 response. 

Natural killer T (NKT) cell activation is another way to 
induce a Th2 cell response. NKT cells bind the processed anti- 
gen in the cleft of CD-1, an MHC class I analogue found on 
cells such as intestinal epithelium, and secrete IL-4, a Th2- 
associated cytokine. On the other hand, natural killer (NK) 
cells in certain circumstances promote Thl response when 
activated by cells devoid of MCH class I. Once activated, NK 
cells secrete IFN-y. 

Cytokines found in the T cell microenvironment can also 
influence T cell differentiation. IL-4 and IFN-y suppress the 
production of each other, promoting either a Th2 or Thl 
response, respectively. Th3 cells, by their production of TGF- 
B, can suppress both Th1 and Th? cells. Other environments 
rich in constitutive TGF-8 production, including the aqueous 
humor, can also promote suppression of a Thl or Th2 
response by favoring production of Th3 cells. This process of 
Th3 promotion is a characteristic of immune privileged tissue 
and works to promote a vastly different immune environment 
than what is found in conventional tissues such as the skin. 


T Cell Termination 


When pathogens are cleared or when the need for a T cell 
response is no longer necessary, it is imperative that the T cell 
response stops in order to prevent ongoing inflammation and 
unnecessary tissue damage. The desire to halt hypersensitivity 
responses, autoimmunity, and allograft rejection stem from the 
body’s recognition of ending adaptive immunity and reestab- 
lishing homeostasis, immune privilege, and an environment 
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that promotes self-tolerance. The general term used in the 
events surrounding Th! termination is immunosuppression. 
Four types of immunosuppression are categorized: anergy, 
passive death, active death, and  cytokine-mediated 
suppression. "4 


Anergy 


In general, anergy occurs when Signal 1, the processed anti- 
gen binding the TCR, is not followed by Signal 2, the activa- 
tion of CD28. The corollary also holds because anergy also 
appears when Signal 2 occurs without Signal 1. When one sig- 
nal is not accompanied by another, there is no production of 
IL-2 and the T cells fail to proliferate. Examples of anergy 
may be found when the pathogen was adequately cleared by 
the innate immune response or when there is a significant 
reduction of PAMPs such that APCs reduce the expression of 
accessory molecules. CTLA-4 upregulation on the surface of 
activated T cells leads to reduced binding of CD28 as both 
CD28 and CTLA-4 compete for B7 on the APC. CTLA-4 
mediates suppressive signals in the activated Th cell and is 
thought to be a self-regulating mechanism since it is only 
found on activated T cells. 

Lack of PAMPs may also induce anergy due to antigen 
presentation in the absence of inflammation. Reduced levels 
of MHC and accessory molecules are the result of this type of 
anergy. Presentation of many autoantigens also may trigger 
this type of anergy, leading to peripheral tolerance. Immune 
privilege tissues also are thought to exhibit Th cell anergy due 
to inherent low expression of MHC molecules. 


Passive Cell Death 


Also known as death by neglect, antigen specific T cells that 
never encounter their antigen will not survive. Both naive and 
memory Th cells are susceptible to passive cell death. Mem- 
ory Th cells need ongoing low-level stimulation in order to 
retain immunologic memory. It is thought that small amounts 
of antigen in the host acquired through immunization or previ- 
ous infection contribute to the maintenance of memory T 
cells. Passive T cell death is by apoptosis and is Fas-independ- 
ent (see active T cell death below). Activated T cells can 
counter this death by neglect by upregulating intracellular 
expression of Bcl-2 and Bcl-x. IL-2 production also can pre- 
vent passive death of Th cells. 


Active T Cell Death 


Activated Th cells express Fas (CD95) on their surface. Fas 
binds with Fas-ligand (Fas-L or CD95L) found on other cells, 
including other Th cells, to induce apoptotic death. Apoptosis 
is achieved through membrane degradation, enzymatic 
destruction of DNA, and cellular bleb formations that are 
taken up by other cells. The upregulated Bcl-2 and Bcl-x 
expression that protects the Th cell from passive cell death 
does not protect the Th cell from Fas-mediated apoptosis. This 
type of immunosuppression is also considered to be self-regu- 
latory in that both repeated Th cell stimulation and IL-2 pro- 
duction promote active T cell death. The fact that T cells also 


express Fas-L also demonstrates a mechanism of Th cel] 
regulation against overproliferation. Immune privileged tis. 
sues express large amounts of Fas-L, contributing to allograft 
survival and suppression of Th1 responses. However, Fas-Fas- 
L-mediated apoptosis is suppressed by healthy aqueous 
humor, suggesting that TGF-B, a potent anti-apoptotic factor 
constitutively produced in the anterior chamber, may counter 
the effects of active Th cell death in the eye. Further, Fas-Fas. 
L-mediated Th cell apoptosis is enhanced by neutrophil 
degranulation, another event that is suppressed by the 
immunomodulatory factors found in the eye. Therefore the 
precise role of active Th cell death in the eye is not fully 
understood. 


Immunosuppression by Cytokines 


Finally, T cells can be regulated by. the cytokines found in 
their environment. These can be endogenous cytokines pro- 
duced by resident cells or cytokines found as a product of the 
immune cells in the environment. As mentioned earlier, Th 
cell populations are defined and sustained by the types of 
factors they produce. They are also influenced by the 
cytokines that either promote or suppress their development. 
IL-12 and IFN-y promote development of Th1 cells, whereas 
IL-4, IL-10, and TGF-B suppress Th1 development. Th1 cells 
are associated with DTH and the induction of cytolytic CD8* 
T cells, and they promote B cell class switching to comple- 
ment-fixing antibody production. Th2 cells are sustained by 
IL-1 and IL-4 production but are suppressed by IL-12, IFN-y, 
and TGF-B. Th2 cells mediate allergic responses and promote 
B cell growth and immunoglobulin class switching to non- 
complement-fixing antibodies. They also suppress inflamma- 
tion induced by macrophages. Th3 cells are promoted by 
TGF-B in conjunction with IL-4 and IL-10, and by o&-MSH. 
Th3 cell activity is inhibited by IFN-y and possibly by TNF. 
Th3 cells, as mentioned earlier, suppress Thl and Th2 cell 
activity, and because of their production of TGF-f, they also 
may mediate B cell immunoglobulin switching to IgA. 

The presence of particular populations of activated 
immune cells will influence the differentiation of Th cells. If 
active NK cells are present in an inflammatory environment, 
they promote a Th1 response because they make JFN-y. By 
contrast, if activated NKT cells are present, a Th2 type 
response is invoked because of their production of IL-4. If 
APCs that are not producing IL-12 and IFN-y are present, a 
Th2 response is likely, and so on. It is conceivable that specific 
immune responses may be selected on the basis of the 
cytokines found in a given microenvironment. As discussed 
later, the ocular microenvironment is a clear example of such 
selectivity. 


OVERVIEW OF AN IMMUNE RESPONSE 


The general immune response is reviewed in this section in the 
context of something we can relate to in ophthalmology: 
corneal allograft rejection. More specific details-of immune 
response are discussed later in the section “Immunology of 


Corneal Transplantation.” The donor graft contains alloantigens 
against which the recipient will have an adaptive immune 
response. In order to establish a full-blown immune response, a 
series of events must occur in the immune system. In the first, or 
inductive, phase, APCs present the donor-derived alloantigens 
to alloreactive T cells. This is the afferent limb of the immune 
reflex. APCs develop in the bone marrow and are either den- 
dritic cells or macrophages. APCs leave the bone marrow and 
normally reside throughout the body’s parenchyma. APCs pos- 
sess on their surface abundant amounts of MCH class I and II. 
Alloreactive T cells may recognize allogeneic MHC class I and 
I in one of two ways: by a direct binding of the T cell receptor 
to the MHC molecule as a ligand or by the detection of an 
MHC-derived peptide in the groove of another MHC molecule. 
Itis in the latter type of presentation that minor histocompatibil- 
ity antigens are processed and presented to T cells. Stimulated 
APCs also secrete proinflammatory cytokines (IL-12) and 
upregulate other APC surface markers (B7, ICAM, CD40) inte- 
gral to T cell activation. The APCs are constantly circulating 
throughout the body, and once they encounter antigen, they 
migrate through the lymphatics to the parafollicular cortex of 
the draining regional lymph node where T cells continuously 
migrate. Once a naive T cell encounters an APC bearing surface 
antigen peptides, the T cells undergo clonal expansion, which 
begins the second, or efferent, limb of the immune reflex. It is 
generally accepted that as in nongraft-related immune 
responses, T cells can be activated only by APCs bearing 
processed alloantigen on their surfaces. Further, this encounter 
must occur in the secondary lymphoid organs such as the spleen 
or lymph nodes, not in the site of the graft. 

The clonally expanded T cells leave the lymph node where 
they expanded and travel to the site of the graft, where they 
initiate effector responses that can destroy the allograft. At the 
graft site, effector T cells are easily reactivated by virtually 
any cell that presents alloantigen, namely, keratocytes, epithe- 
lium, and endothelium. The corneal graft is different from a 
healthy cornea in that its cells now express costimulatory mol- 
ecules similar to professional APCs—the same molecules that 
can serve as targets for T cell effector function. The graft also 
reacts to proinflammatory cytokines secreted by reactivated 
effector T cells by upregulating expression of MHC even 
more, making it possible to intensify the effector immune 
response. In summary, mechanisms of the termination of the T 
cell response arise when antigen presentation drops off, when 
MHC expression falls, or when immunosuppressive factors 
neutralize the inflammatory environment. 


OCULAR SURFACE IMMUNITY 


The ocular surface is an extension of the skin and exhibits 
many of the immune properties of mucosal surfaces. Most of 
the healthy ocular surface is not an immune privileged site, 
and other than the central cornea, does not contain any 
immune privileged tissue. The conjunctival tissue is replete 
with CD1* dendritic cells and macrophages, which serve as 
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sentinels protecting the eye from pathogens.'*!° The extensive 
vascular network allows for rapid and robust immune affector 
and effector immune responses, utilizing the draining lymph 
node as a link between afferent and efferent immunity. There 
is also a resident population of CD8* T cells located between 
epithelium and in the substatia propria.!’~*° Function of these 
CD8* cells is unclear other than that they partake in immune 
response regulation. CD4* and B cells are normally found at 
the mucosal surfaces in far fewer numbers. Other specialized 
epithelial cells also assist in afferent immunity, similar to M 
cells found in the gastrointestinal tract. And while CD8* cells 
are the predominant cell type in the ocular surface efferent 
immune response, both CD4* and B cells increase in number 
during conjunctival inflammation. Distribution of the immune 
cells on the ocular surface varies: the healthy perilimbal con- 
junctiva contains the highest concentration of immune cells. 
Mast cells also constitute a significant population of ocular 
surface immune cells.?!2 

The lacrimal tissue specializes in tear production and 
provides via the tear secretions delivery of ocular surface 
immunoglobulins, mostly IgA and to a much lesser extent IgG, 
and others.”*-*> B cells, T cells, and macrophages are all found 
in healthy lacrimal tissue.?°*8 The role of these cells is poorly 
understood, but they may play a part in both afferent and effer- 
ent arms of the adaptive immune response. Ocular surface 
inflammatory diseases are widespread among species. They 
include pathogen-induced inflammation (bacterial and viral ori- 
gin, especially feline herpesvirus), autoimmunity (keratocon- 
junctivitis sicca, allergy, nodular granulomatous episcleritis), 
and cancer (squamous cell carcinoma). Chemical toxicities also 
elicit a marked and sometimes vision-threatening innate 
immune response, resulting in massive chemosis, conjunctival 
inflammation, and in many cases acute corneal necrosis with 
corneal perforation. It is important to remember the cornea, 
especially the central cornea, is very limited in a rapid immune 
response; it is immune privileged tissue and an immune privi- 
leged site. For this reason, perhaps, it is essentially vulnerable to 
acute inflammation extending from the surrounding conjuncti- 
val ocular surface. On the other hand, the healthy central cornea 
is capable of accepting allografts at a rate far higher than that of 
other body tissues, in part because of its specialized immunity, 
which is discussed in the section “Immunology of Corneal 
Transplantation.” 


ANTERIOR CHAMBER-ASSOCIATED 
IMMUNE DEVIATION 


The anterior chamber, vitreous chamber, and subretinal space 
are all endowed with a unique type of immunity that protects 
the delicate and irreplaceable tissue of the eye from inflamma- 
tion.>°??5 APCs in the eye capture antigen within the eye, 
then migrate out of the eye via the trabecular meshwork (in 
the case of antigen presentation in the anterior chamber) into 
the bloodstream to the spleen, where they form clusters with 
CD4*, CD8*, and NKT cells in the splenic marginal zone. 
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Within these clusters, the APCs secrete chemokines (CXCL2 
or MIP-2), which recruit more NKT cells to the site.4°3” These 
NKT cells bind the APC and produce a specialized microenvi- 
ronment that contains TGF-§2, IL-10, and throm- 
bospondin.**? More APCs and marginal zone B cells arrive at 
these cluster formations. Finally, T cells specific to the eye- 
derived antigen start to aggregate at the cluster. These T cells 
are activated by both the eye-derived APCs that first encoun- 
tered the antigen and the splenic B cells.*°*! 

Once activated, the T cells, known as regulatory T cells 
(Treg), become the afferent CD4* and efferent CD8* cells 
characterized in ACAID.*® The CD4* cells suppress the acti- 
vation and differentiation of naïve T cells into the proinflam- 
matory Th! effector cells. The CD8* efferent cells suppress 
expression of Thl-mediated immunity (including DTH). 
Afferent Tregs act in the secondary lymphoid organs, and 
efferent Tregs act in the peripheral tissues, including the 
eye.44-46 

ACAID is an immune response that can be adoptively trans- 
ferred to other mice, either through the blood of an ACAID- 
induced mouse 24 to 48 hours post antigen injection or through 
systemic injection of iris or ciliary body APCs from a mouse 
that received antigen into the anterior chamber 24 hours previ- 
ously.*”* The spleen is necessary for ACAID to occur because 
APCs treated in vitro with TGF-f preferentially travel to the 
spleen after intravenous injection into naive mice.”” 

As noted, ACAID is a systemic response, not simply a local 
response. Before ACAID was discovered, the eye was thought 
to escape active immune responses by immunologic igno- 
rance by sequestering antigens away from immune recogni- 
tion. Ocular immunity, including ACAID, is much more than 
immunologic ignorance. It is now understood that the ACAID 
response could not happen without the unique combination of 
immunomodulatory factors found within the ocular micro- 
environment. 


THE OCULAR MICROENVIRONMENT 


The ocular microenvironment is capable of both the innate 
and adaptive immune responses despite the specialized barri- 
ers that contain the ocular media and preserve the highly 
metabolic retinal tissue. In other words, the blood—ocular bar- 
rier is not absolute. If activated immune cells reach the eye, 
they have the potential to cause irreversible damage to the 
highly regulated ocular tissue. To respond to the ongoing 
threat of activated immune cells reaching the eye, the ocular 
environment contains numerous soluble and membrane- 
bound factors to counter or neutralize the active immune 
response and minimize inflammation in the eye. These 
intraocular factors are not the “silver bullet” for saving the eye 
from immune-mediated damage: their immunomodulatory 
properties may also lead to unwanted events such as unim- 
peded tumor growth in the eye or permissive intraocular 
growth of a pathogen. A controlled amount of inflammation 
may be welcomed in these aforementioned circumstances to 
save the eye from being consumed by cancer or bacteria. 


Finding the right balance of immunosuppressive ang 
proinflammatory events is the key to maintaining ocular funç. 
tion and vision. A good place to begin investigating the ocular 
microenvironment is the aqueous humor. 


Immunomodulatory Properties of Aqueous 
Humor 


When macrophages come in contact with aqueous humor or 
with TGF-B2, a factor found in the anterior chamber, they 
alter their functionality by producing TGF-B, failing to pro- 
duce IL-12, and deviating from their usual manner of antigen 
presentation. They stimulate a population of CD8* suppres. 
sor cells (the effector suppressor cells found in ACAID), 
inhibiting Thl type immunity. These functionally altered 
macrophages also mediate Th2 responses that induce non- 
complement-fixing antibody production by B cells. Aqueous 
humor, however, cannot prevent lysis by fully functional cyto- 
toxic T cells. There are many other factors in addition to TGF- 
82 in the aqueous humor (Table 5.6). Most of these factors 
contribute to suppressed IFN-y production by Th1 cells, 
Vasoactive intestinal peptide (VIP) and somatostatin suppress 
antigen- and mitogen-mediated T cell proliferation.®' g- 
MSH suppresses IFN-y production by T cells but does not 
suppress T cell proliferation.°? TGF-ß2 with o-MSH can also 
directly suppress activation and proliferation of Th1 cells. œ- 
MSH with or without TGF-B2 can also induce a population of 
Treg cells with Th3-like properties.™. Further, effector CD4* 
(but not CD8*) cells that enter the healthy eye do not carry out 
their effector functions but rather are converted by the local 
soluble factors into regulatory cells that can suppress other 


Table 5.6 Soluble Immunomodulatory Factors in the Eye 


Factor 


TGF-B2 


Immunomodulatory Property 


Suppresses T cell, NK cell, and 
macrophage activation; confers 
tolerance-promoting properties on 
APCs; with o-MSH induces 
regulatory T cells 


o-MSH Suppresses IFN-y production; inhibits 
PMN activation; promotes IL-10 


production by APC 


VIP Inhibits T cell activation and 
differentiation 

Inhibits APC function; inhibits LPS- and 
IFN-y-activated macrophages 


CGRP 


Somatostatin Inhibits T cell activation 


Thrombospondin Confers tolerance-promoting 
properties on APCs 

MIF Inhibits NK cell mediated lysis 

Cortisol Suppresses inflammation; causes 


APC to produce IL-10 instead of IL-12 


Inhibits proinflammatory effects of 
IL-1o/B 


Inhibits complement activation 


IL-1 receptor antagonist 


CD46, CD55, CD59 
CD95L (Fas-L) 


Inhibits neutrophil inflammation 
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activated Th1 cells. The induction of these Th3 cells may also 
be important in maintaining tolerance to autoantigens. 
Aqueous humor factors can also inhibit innate immune cell 
function." Calcitonin gene-related peptide inhibits nitric 
oxide formation from stimulated APCs.° Migration 
inhibitory factor (MIF) inhibits NK cell-mediated lysing of 
target cells.*’ Both Fas-L and o-MSH inhibit neutrophil func- 
tion.°> Complement activation is also prevented by at least two 
soluble aqueous humor factors. One factor, iC3b, prevents C3 
conversion to C3b (see Table 5.5), and another separate factor 
prevents antibody binding to Clq.” Also, aqueous humor 
does not impair noncomplement-fixing (antiviral) antibodies. 


Cell Surface Molecules That 
Promote Ocular Immunity 


Three mechanisms of sustaining ocular immunity have been 
identified on the cells within the eye: apoptosis of activated T 
cells, inhibition of complement, and inhibition of T cell acti- 
vation (Table 5.7). Fas-L is found on cells within the eye and 
is in part responsible for promoting apoptosis of Fas* T cells 
that enter the eye. Complement inhibitors, including 
complement receptor—related protein, or Crry, are found on 
ocular cells, and in the case of Crry, when it was experimen- 
tally neutralized in the eyes or rats, the result was spontaneous 
ocular inflammation. It has also been suggested that acti- 
vated T cell suppression may occur through direct cell-to-cell 
contact with CD86 (B7.2), which is found on the iris pigment 
epithelia cells in mice. When activated T cells enter the eye 
through the iris pigment epithelium, CD86 bind to the CTLA- 
4 receptor on the T cells and not only suppress IFN-y produc- 
tion by the T cells but also convert them to Treg cells that have 
the potential to suppress other Th1-type cells. 


IMMUNOLOGY OF CORNEAL 
TRANSPLANTATION 


This section focuses on the highly unique immunologic prop- 
erties of corneal tissue transplantation. The first documented 
successful corneal transplantation in humans occurred over 
100 years ago. To date, orthotopic corneal allografting is the 
most common allograft transplantation, with approximately 
50,000 procedures performed annually in the United States 
alone.°”°8 Animal model systems have provided much of the 
information characterizing the cellular and molecular 
immunology, which is likely driven by immune privilege of 
the cornea and anterior chamber. There is much less informa- 
tion on the immunology of corneal allografting in domestic 
animals. Most clinical corneal surgeries in domestic animals 
have utilized conjunctival autografting to successfully repair 
corneal damage from infection, trauma, and other immune- 
mediated processes. Corneal allografts in low-risk settings (no 
vascularization in the host corneal bed, no previous history of 
corneal grafting) enjoy almost 100% success, whereas graft 
failure in high-risk settings was almost always due to signifi- 
cant immune-mediated rejection. 7! The most recent under- 
standing of corneal transplantation can be narrowed down to 
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two basic areas: the condition of the host cornea and the 
unique immunomodulatory properties of the healthy corneal 
graft. 

First, the quality of the host corneal bed plays a significant 
role in determining graft outcome. High-risk corneas no 
longer hold the properties of ocular immunity. As a result, 
graft rejection is strongly correlated with high-risk eyes. 
High-risk eyes also demonstrate growth of lymphatics, which 
alter the immune properties of the cornea by connecting the 
cornea to the immune system directly and allowing antigenic 
information to escape the graft site.” Blood-borne immune 
effectors can also gain access to the grafted site in high-risk 
eyes. 

Second, the corneal graft itself expresses features of 
healthy ocular immunity. Unlike most solid tissues, normal 
corneas have a lack of bone marrow-derived APCs necessary 
to initiate an immune response.” Most adventitial (i.e., bone 
marrow-derived) cells on the cornea lie near the limbus. In 
settings where there is a reconstitution of Langerhans cells 
into corneal tissue, grafts become highly vulnerable to rejec- 
tion. Corneal cells also express Fas-L (CD95L), which trig- 
gers apoptosis in CD95* effector T cells.°!°* DAF, CD59, and 
CD46 are other molecules found on corneal endothelium that 
inhibit complement effector functions induced during an 
alloimmune response. These surface molecules protect the 
corneal endothelium from injury. Further, expression of MHC 
class I and class II molecules is diminished and functionally 
impaired on corneal parenchymal cells, especially the corneal 
endothelium. 7 Corneal epithelium strongly express class I, 
whereas keratocytes express less class I than do the other 
fibroblasts in the body. Similar to other cells in the body, IFN- 
y can upregulate class I antigen expression in corneal epithe- 
lial and endothelial cells. However, IFN-y-induced class II 
antigens are upregulated only in the corneal epithelium, not in 
the endothelium. Therefore, induction and expression of 
alloimmunity is subdued as a result of the decreased antigenic 
load of corneal tissue in contrast to other tissue with normal 
MHC expression. 

Experimentally, in low-risk eyes, uncomplicated allogeneic 
corneal grafts are accepted with virtually no acute rejec- 
tion (in 7-14 days) when contrasted with other orthotopic 
solid organ grafts. Further, sustaining these grafts without 
rejection is often accomplished without the aid of local 
immunosuppressive therapy. Also, grafts with only MHC 
alloantigens against the host survive better than those with 
only minor histocompatibility antigen disparity. High-risk 
eyes, however, are another story. Most high-risk allografts 
develop acute, irreversible graft rejection, and very few 
grafts survive indefinitely. In both high- and low-risk recipi- 
ents, grafts expressing only minor histocompatibility antigens 
are rejected at a higher rate than grafts with only MHC 
alloantigen disparity.”** 

Finally, all layers of the cornea secrete the immunosup- 
pressive cytokine TGF-f, and keratocytes constitutively pro- 
duce excessive IL-1 receptor antagonist (relative to local 
endogenous production of IL-1q).*'*° During an alloimmune 
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response, these molecules modulate the activity of APC, T 
cells, B cells, NK cells, and macrophages to enhance tolerance 
of the graft in the host. Because the corneal graft forms part of 
the anterior border of the anterior chamber, antigens from the 
graft escape into the aqueous humor and are presented to the 
systemic immune system via the ACAID pathways. This 
enables a muted or absent DTH response to the graft as well as 
decreased production of complement-fixing antibodies that 
could elicit graft destruction.’ Experimental data have 
shown that allogenic corneal grafts induce donor-specific 
ACAID in the host, impairing DTH.***? 

T cells play a significant role in corneal graft rejection. 
While the exact effectors responsible for corneal graft rejec- 
tion remain unknown, T lymphocytes are thought to play a 
dominant role in the rejection process. Severe combined 
immune-deficient (SCID) mice will accept indefinitely 
corneal grafts from allogenic donors despite immunogenetic 
disparity, suggesting that adaptive immunity plays a central 
role in graft rejection.” CD4* Th1 cells (cells that secrete 
IFN-y and mediate DTH) appear to have an integral role in 
graft rejection, whereas B cells and CD8* cells do not. 

There are two populations of alloreactive T cells that can 
be responsible for graft rejection: indirect alloreactive T cells 
and direct alloreactive T cells.?'*? The indirect population 
binds peptides that come from alloantigenic proteins found on 
graft parenchymal cells. Host APC process the proteins into 
peptides and load them onto class I and class II molecules for 
the T cells to bind. Therefore, the T cells that bind these APCs 
recognize donor-derived peptides in the context of self-MHC 
molecules. The direct alloreactive T cells, on the other hand, 
recognize allogenic MCH class I and II molecules directly. 
These cells are responsible for acute graft rejection in most 
solid tissue grafts, and they are sensitized primarily by passen- 
ger leukocytes (dendritic cells and macrophages) expressing 
high levels of class I and class II. Sensitization occurs when 
passenger leukocytes leave the graft and migrate via the lym- 
phatics to the draining lymph node, where they encounter 
naive direct alloreactive T cells. These T cells return to the 
graft and destroy it. Since corneal tissue has fewer dendritic 
cells and macrophages than most other solid tissue, and since 
corneal cells express less MHC on their surface, less acute 
rejection is seen in corneal allografting. In general, acute 
rejection of corneal grafts is seen in high-risk eyes, and suba- 
cute rejection (between 14 and 56 days) is seen in low-risk 
corneal grafting. Unsensitized, direct alloreactive T cells are 
estimated in healthy humans in high precursor frequencies 
(1%-5% of peripheral T cells), whereas indirect alloreactive T 
cells are estimated in much lower precursor frequencies 
(<1:10,000). This is why HLA matching plays such a minor 
part in increasing corneal allograft survival in humans. 

To date it is suggested that there are two waves of rejection 
in allosensitization. The first wave is initiated by donor- 
derived APCs that migrate quickly into the draining lymph 
node. These APCs quickly activate direct alloreactive T cells, 
contributing to acute rejection.“ The second wave, which 
overlaps the first wave, consists of recipient-derived APCs 


that infiltrate the graft, then travel to the draining lymph node, 
These APCs express peptides derived from donor alloantigens 
in the MHC molecules, triggering the expansion of indirect 
alloreactive T cells and subacute rejection. 

A third but less understood pathway called peripheral sen- 
sitization is also thought to exist and was first described b 
Medawar.” In this pathway, naive alloreactive T cells are acti- 
vated in the graft itself. Direct alloreactive T cells are thought 
to be responsible for this phenomenon. They migrate to the 
graft and bind donor MHC class I and II antigens directly on 
the graft cells. It is not clear whether the activated T cells 
expand locally in the graft or migrate to the draining lymph 
node for expansion and differentiation. 

It is important to note that most of these studies were per- 
formed on rodent or human tissue; therefore, comparisons to 
transplantation immunology in domestic animals must be made 
with this in mind. In conclusion, the normal eye is an immune 
privileged site for orthotopic allogenic corneal transplants, tol- 
erance of grafts is seen only in eyes that have immune privilege, 
and minor histocompatibility antigens are more detrimental 
than major histocompatibility antigens to graft survival. 


WHEN OCULAR IMMUNITY FAILS 


When proteins in the blood leak into the immune privileged 
eye, they neutralize TGF-B2 and accelerate degradation of the 
immunomodulatory factors found in the anterior chamber. 
Growth factors found in the blood can trigger the intraocular 
production of proinflammatory immunity. Upregulation of 
antigen processing, including autoantigen presentation, can 
promote loss of ocular immunity and destroy ocular tissue. 
Experimentally, immunosuppressive microenvironments have 
the potential to reemerge following intraocular inflammation, 
with active TGF-B2 (induced by local production of IL-6 dur- 
ing inflammation) being a leading promoter of this reestab- 
lished environment.*~*? 


Experimental Uveitis 


The success of overriding the protective mechanisms in ocular 
immunity has been demonstrated in experimental models that 
depend on immunizing the animal with an autoantigen in 
adjuvant. Experimental autoimmune disease utilizes, in patt, 
delivery of PAMPs to the immune system via an adjuvant such 
as mycobacteria in order to overcome the normal defenses that 
suppress induction of autoreactive inflammation. Adjuvant 
also enables induction of innate and adaptive immune 
responses in a tissue that may normally suppress such 
responses (i.e., immune privileged tissues). The PAMPs in the 
adjuvant activate nuclear factor kappa B (NF-«B)-regulated 
proinflammatory cytokines. Further, some bacterial antigens 
cross-react with autoantigens, amplifying the immune 
response. This method, when used with an ocular autoantigen 
such as interphotoreceptor retinoid—binding protein, is termed 
experimental autoimmune uveitis (EAU).!0' 

Nonlethal amounts of PAMPs (endotoxin) may also be 
given systemically to induce uveitis by breaking down the 


plood-ocular barrier. Macrophages within the eye 
subsequently produce nitric oxide, oxygen reactive intermedi- 
ates, and proinflammatory cytokines. Ocular immunity is 
abolished, and the ocular environment is susceptible not only 
to the transient inflammation caused by the endotoxin but also 
to subsequent autoimmunity, indicating that the eye may have 
undergone a permanent change to its microenvironment, mak- 
ing it susceptible to future autoimmune attacks. This form of 
experimental uveitis is termed endotoxin-induced uveitis 


{tO S Pas 
High-Risk Corneas 


Ocular immunity fails in high-risk corneas for several reasons. 
A high-risk, or inflamed, cornea has compromised immune 
privilege where host sensitization occurs rapidly. As previ- 
ously mentioned, direct and indirect alloreactive T cells play 
an integral role in host sensitization and graft rejection. 
Lymph vessels are found in the bed of high-risk corneal grafts 
and can readily transport alloantigens to the draining lymph 
node. Further, recipient APCs can conveniently enter the graft 
from the vascularized graft bed. Donor-derived APCs are ini- 
tially MHC class II negative but can quickly undergo matura- 
tion as they pass through the inflamed graft bed. These 
donor-derived APCs can go on to activate direct alloreactive T 
cells in the draining lymph node. All of these mechanisms 
serve to enhance graft rejection by exposing donor alloanti- 
gens, compromising immune privilege, and depriving the eye 
of its immunological ignorance. 


OCULAR IMMUNITY AND CANCER 


As mentioned earlier in the chapter and listed in Tables 5.2 
and 5.3, certain tumors show characteristics of immune privi- 
leged tissue. In fact, from the perspective of an immunologist, 
many tumors have evolved elaborate ways to evade immune 
detection and grow permissively in the body. It is reported that 
spontaneous tumors express antigens that have the potential to 
elicit an immune response. One question to be raised is, do 
cancer cells within the eye behave differently than they do in 
other parts of the body due to the principles of ocular immu- 
nity? The question has been answered in the early studies on 
ACAID.'°!° P815 tumor cell lines injected into the healthy 
anterior chamber exhibited indefinite growth and eventual 
destruction of ocular tissue. When ocular immunity is abol- 
ished or uveitis is allowed to coincide with the injection of the 
P815 cells into the anterior chamber, tumor growth is inhib- 
ited. The uninhibited tumor growth in the healthy eyes is sup- 
ported by the active immune suppression imparted by the 
ACAID response with the help of the immunosuppressive 
ocular microenvironment.!°’? When the immunosuppressive 
factors are neutralized or degraded and ACAID is no longer 
evident, then the ocular environment loses its unique immune 
properties and tumor rejection ensues. 

Another question is, can we use what we know about ocular 
immunity to treat certain tumors in the body? If certain tumors 
escape the immune system by the same mechanisms as the eye 
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uses to suppress inflammation, then there may be opportunities 
to treat certain cancers by inviting the termination of immune 
privilege to the cancer tissue. Tumor escape mechanisms 
include an immunosuppressive microenvironment,!0°!!7 
reduced or nonexistent class I expression,'!*7 inhibition of 
the antigen processing pathways,'™*!*> inhibition of tumor- 
infiltrating APCs, induction of deviant immune effector 
cells,!?612?7 and loss of tumor antigen gene transcription.'”8 


THERAPEUTIC POTENTIAL 


Several types of immunity and transplantation settings can be 
investigated as opportunities for using what we now know as 
ocular immunity in the treatment of not only ophthalmic dis- 
ease but also systemic immune disorders. Induction of Th3 
cells either by oral tolerance or cytokine therapy can reduce 
the detrimental effects of autoreactive Th1 cells. Corneal allo- 
graft survival in a high-risk setting is another obvious area to 
look for ways to improve surgical and visual outcome. Exper- 
imentally, corneal allografts can be given healthy epithelium 
or can be treated with ocular immunomodulatory factors pro- 
moting a deviation from conventional immune recognition 
pathways that would lead to graft rejection. Moving away 
from conjunctival autografts toward corneal allografting as a 
treatment for high- and low-risk corneal inflammatory dis- 
eases remains an ongoing challenge to the veterinary ophthal- 
mologist but offers a significant advance to the visual outcome 
in our veterinary patients. Breakthroughs in gene therapy, 
cytokine therapy, and clinical application of other novel 
immunomodulatory factors will offer brand new ways to 
approach restoring ocular immunity in the face of ocular 
inflammation and consequential vision loss. 
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Chapter 6 
Clinical Microbiology 


Laurence E. Galle and Cecil P. Moore 


Eye infections have long been recognized as a major cause of 
ocular disease and represent a substantial portion of the ocular 
cases requiring medical or surgical attention, or both. Infec- 
tious agents may cause or complicate a variety of animal ocular 
diseases, including orbital cellulitis, blepharitis, conjunctivitis, 
keratitis, uveitis, and endophthalmitis. The significance of 
infectious ocular disease is not limited by species, however, 
because virtually all vertebrates are susceptible to one (or 
more) of a variety of infectious agents that affect the eye. This 
chapter presents the major groups of organisms involved in, 
with an emphasis on specific agents recognized as causes of, 
significant ocular disease in animals. Because an understand- 
ing of which organisms are considered to be normal flora ver- 
sus which are considered to be pathogenic is necessary for 
effective management of infectious ocular disease, commensal 
organisms of the ocular surface are discussed as well. Life 
cycles, epidemiology, pathogenic mechanisms, host responses, 
and diagnostic approaches are presented for the pertinent 
viruses, bacteria, fungi, protozoa, and algae. For specific clini- 
cal aspects of infectious diseases, however, the reader is 
directed to the appropriate clinical chapters. 


OCULAR VIROLOGY 


Virus Replication and Mechanisms of 
Virus-Induced Injury 


Understanding mechanisms of viral pathogenesis requires a 
general understanding of the stages of viral replication. Because 
viruses have no inherent replicative ability, they must enter host 
cells and utilize host cell processes for their own replication. 
The method by which viruses induce injury to ocular tissues is 
quite variable. Many directly destroy ocular cells in the process 
of replication, as is typical for alphaherpesviruses. Alterna- 
tively, other viruses may indirectly damage ocular cells by incit- 
ing an immune or inflammatory response that is deleterious to 
tissues, induces tumor formation, or causes tissue injury via 
immunosuppression. The “ideal” virus will infect the host, 
become persistent or latent in its host, and be steadily or inter- 
mittently released so that it may infect other hosts. 
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The classic stages of viral infection are adsorption, pene- 
tration, uncoating, transcription, translation, replication, 
assembly, and release.' Viruses are usually very specific in 
their mechanisms for infecting a target cell. As a virion comes 
in contact with a target cell, it interacts with and attaches to 
specific receptors or components of cell membrane, usually 
via specific glycoproteins, in a process known as adsorption. 
After adsorption, the virus must be internalized by the target 
cell. This process of penetration may occur through pinocyto- 
sis or translocation in the case of nonenveloped viruses, or 
fusion of the cell membrane with the viral envelope in the case 
of enveloped viruses. Uncoating is the process of releasing 
viral proteins of the tegument and the viral genome from the 
capsid. The proteins of the tegument contain viral enzymes 
necessary to begin the transcription, translation, and nucleic 
acid replication processes (Fig. 6.1). 

Transcription and translation of viral nucleic acids and 
replication of viral nucleic acids occur in a specific order 
dependent on the type of nucleic acid present in the virion. 
DNA viruses are often transcribed to mRNA and translated to 
viral proteins shortly after uncoating and prior to beginning 
DNA replication. The replication and transcription of RNA 
viruses is more complicated. Nonretroviral RNA viral nucleic 
acids may be classified as positive or negative RNA strands. 
RNA of positive strand RNA viruses is similar to mRNA and 
is transcribed and translated prior to replication. A comple- 
mentary or negative strand of RNA is then created as a tem- 
plate for replication of the positive strand RNA genome. RNA 
of negative strand RNA viruses, however, must be converted 
to a positive strand mRNA by RNA-dependent RNA poly- 
merase (RDRP) before transcription and translation into pro- 
teins may begin. Then RDRP uses the positive strand RNA as 
a template to create the negative RNA strands to be included 
in the new virions.? 

Retroviruses get their name from their unique method of 
genome replication. Upon uncoating of the virus, the viral 
protein reverse transcriptase creates a DNA template from the 
viral RNA genome. This proviral DNA is incorporated in the 
host genome where it is replicated to RNA via transcription, 
and RNA is used for translation and new viral genomic 


i 
: 
| 
Í 
Í 
$ 


airaa a A e ire 


ewan 


i 
A 
f 
t 
f 
$ 
j: 
g 
f 
$ 
l 
4 
j 
$i 
: 
: 
i 


arainn nmcraameemes 


Chapter 6: Clinical Microbiology e 237 


fusion of viral envelope \ with 


attachment io cell 
‘Sur face receptors | 


‘wea pit 


‘early protein 
synthesis 


“replication — ; 
of viral DNA» Mire 


Wea "assembly of 

o nucleocapsids 

plasma À 
‘membrane 


“release of, 
assembled % 
| virions 


capsid 
[oo 


- plasma membrane and 
elease of nucleocapsid _ 


“uncoating of 
z Vital DNA 


mls envelope 
- (outer and inner 
eB membranes) 


\ 
Tate protein 
ynthesis a 


mRNA 


‘envelope! al 
= proteins: | 


viral ‘envelope 2 
mir inner nuclear 


Figure 6.1. Stages of replication of a herpesvirus. (Reprinted with permission from Quinn PJ, Markey BK, Carter ME, Donnelly WJC, Leonard FC. Repli- 
cation of viruses. In: Veterinary Microbiology and Microbial Disease. Oxford: Blackwell Science; 2002:283-289) 


material. This unique mechanism of inserting proviral DNA 
into the host genome is often exploited for gene therapy using 
specific retroviral vectors. 

After replication of the viral genome and formation of viral 
structural proteins, progeny virions are assembled within the 
host cell and readied for release. Release of progeny virus 
may occur by budding through the host cell membrane or 
through rupture of the host cell. Enveloped viruses acquire 
their envelope from the host cell membrane. 


Feline Herpesvirus-1 (Feline 
Rhinotracheitis Virus) 


Features and Epidemiology 


Feline herpesvirus type 1 (FHV-1) is a member of the Her- 
pesviridae family, subfamily Alphaherpesvirinae. The three 
subfamilies of herpesviruses are classified and defined by cer- 
tain characteristics of growth, replication, and latency. Being a 
member of the alphaherpesvirus subfamily, FHV-1 has a short 
replication cycle, spreads rapidly in cell culture, causes lysis 
of infected cells, and achieves latency in sensory ganglia of its 
host. The natural host range of FHV-1 is restricted to domestic 
and wild feline populations. However, the virus is generally 


widespread within the feline population, with an estimated 
50% to 97% of cats being seropositive.*> 

FHV-1 is an enveloped double-stranded DNA virus with a 
genome of approximately 134 kilobase (kb) pairs arranged as 
one long component (104 kb) and one short component (30 
kb).©7 The nucleocapsid is 1400 A in diameter and consists of 
the DNA genome surrounded by a protein coat called tegu- 
ment. The envelope surrounds the nucleocapsid and is com- 
posed of glycoproteins, resulting in a virion that is 
approximately 140 nm in diameter with icosohedryl 
geometry. 

There appears to be little genomic variation among FHV-1 
strains. Restriction endonuclease digestion demonstrates the 
FHV-1 genome to be highly conserved with existence of three 
major genotype groups: C7301, F2, and C7805. The C7301 
genotype is reported to be most prevalent of the three groups.®” 
In spite of the FHV-1’s minimal genetic diversity, recent stud- 
ies of experimental infection have shown variable patho- 
genecity among FHV-1 field isolates of the same restriction 
endonuclease pattern.! Other reports have identified mutations 
and genetic rearrangements of genes responsible for encoding 
specific glycoproteins among different FHV-1 isolates. Natural 
rearrangement of FHY-1 glycoprotein C (gC) was shown to 
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alter the ability of virus to adsorb to the host cell membrane, 
thus affecting the ability of the virus to infect the cell." 


Replication and Primary Infection 


FHV-Ipreferentially adsorbs to, penetrates, and replicates in 
conjunctival epithelial cells. After uncoating, viral transcrip- 
tion is thought to occur in three specific phases, as is typical 
with other alphaherpesviruses: immediate early (IE), early, 
and late gene transcription. Through activation of transcrip- 
tion of specific host and viral proteins, the products of IE 
genes are particularly important for regulation of viral replica- 
tion cycle and the development of latency. Early genes include 
many replication-specific enzymes such as DNA polymerase. 
Late gene transcription occurs after DNA replication has 
begun; the products of late genes are structural proteins neces- 
sary for assembly of progeny virus. 

In primary infection of FHV-1, viral replication occurs pri- 
marily in conjunctival epithelium, nasal mucosa, and tonsils. 
Lesions in these tissues caused by FHV-1 primary infection 
are the result of direct cytolysis of infected cells. Thus, con- 
junctivitis is the major ocular clinical sign present with FHV-1 
infection. The severity of conjunctivitis varies with the extent 
and severity of virus replication and release. Replication 
within corneal epithelium may occur to a limited extent dur- 
ing primary infection and causes microdendritic lesions of the 
corneal epithelium.'?"'* These corneal lesions occur in a 
biphasic pattern on days 3 and 12 of primary infection. 


Latency 


Latency has been classically described as the period during 
which actively replicating virus cannot be detected and clinical 
signs are not present. During primary infection progeny virus 
infect sensory nerve endings at the primary site of infection and 
ascend sensory neurons in retrograde manner to associated sen- 
sory ganglia where they become latent. Because FHV-1 primary 
infection typically occurs in the conjunctiva and nasal mucosa, 
tissues receiving sensory innervation from the trigeminal nerve, 
FHV-1 typically becomes latent in trigeminal ganglia. 

While latency appears to be a biologically quiescent period 
of viral infection, there is minimal transcription of a small 
portion of the viral genome called latency-associated tran- 
script (LAT) during latent herpesvirus infections. Though 
LATs are also transcribed during actively replicating infec- 
tions, they are the only detectable transcribed virus gene dur- 
ing latency.'> Prior to detection and identification of LAT, 
latent infections and sites of latency could be identified only 
through cocultivation of latently infected tissues in cell cul- 
ture. With the identification of LAT and the refinement of 
reverse transcriptase-polymerase chain reaction (RT-PCR) 
techniques, identification of LAT has become the standard for 
identifying latently infected virus. 

Utilizing cocultivation techniques, sites of latency for 
alphaherpesviruses have been determined to be sensory gan- 
glia. The trigeminal ganglia have been unequivocally deter- 


mined to be at least one site of latency for FHV-1.'~! Othe; 
nonneuronal latency sites have been proposed for FHY-] 
including the cornea and facial skin, primarily because FHV. 
DNA has been detected in these tissues during quiescent perj- 
ods of viral infection.!” However, there was no attempt in these 
early studies to determine if viral DNA was truly from latent 
virus. A recent study using RT-PCR methods to identify FHY-] 
LAT from tissues of cats obtained from a shelter suggests that 
FHYV-1 does not become latent in feline cornea despite the 
presence of FHV-1 DNA.!° 


Recrudescent Infections 


Recrudescent FHV-1 infection occurs in animals when latent 
virus is reactivated. Reactivation of FHV-1 occurs after natu- 
ral (e.g., rehousing, transport) or induced stress (e.g., corticos- 
teroid administration),”° but precise molecular mechanisms of 
reactivation are poorly understood. After latent virus receives 
appropriate reactivation stimulus, virions begin to replicate 
and descend sensory neurons to epithelial tissues where viral 
replication continues. Thus, clinical signs of recrudescent 
infection are often similar, though usually less severe than 
those of primary infection, and include conjunctivitis and 
corneal ulceration. 


Viral Persistence 


Until recently, stages of viral infection were thought to be 
limited to primary infection, latent infection, or recrudescent 
infection. However, with the advancement of molecular diag- 
nostics and the high sensitivity of polymerase chain reaction 
(PCR), viral DNA can often be detected in tissues from cases 
that do not clearly fit into one of the three previously men- 
tioned stages.”! Persistent HSV-1 DNA has been demon- 
strated for chronic inflammatory lesions in the eyelids, 
conjunctiva, and cornea as presence of viral DNA without 
detectable viral protein synthesis in a murine model.” Persis- 
tent viral infection is suspected to be accompanied by low- 
level viral protein production capable of driving chronic or 
persistent immune responses. Alternatively, recent evidence 
supports that viral DNA CpG sequences are, in fact, immuno- 
genic and may be capable of driving chronic inflammatory 
responses in persistently infected tissues.” Though similar 
studies have not been reported for feline herpesvirus-1, FHV-1 
DNA has been detected in tissues from clinical patients with- 
out evidence of primary infection or latent infection and in 
normal feline corneas without detectable production of LAr. 
Given the many similarities between HSV-1 and FHY-1, both 
alphaherpesviruses, it is possible that a persistent viral state 
also exists for FHV-1 and may be involved in pathogenesis of 
FHY-1 associated ocular syndromes. 


Immune Responses 


Initial response to primary FHV-1 infection is believed to i 
dependent on macrophages, interferon, and complement.” 
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Development of serum-neutralizing (SN) titers occurs at low 
magnitude after primary infection (<I :64) but increases after re- 
exposure to the virus or recrudescent infections. Humoral immu- 
nity diminishes the severity of infection but does not prevent 
infection or the development of latency. Viral glycoproteins (60, 
68, and 105 KD) have been shown to be the major viral antigen 
responsible for induction of the humoral response.” 


FH-1-Associated Syndromes 


Pathogenic mechanisms of conjunctivitis and corneal ulcera- 
tion occurring with primary or recrudescent FHV-1 infection 
are well described and were discussed in the previous sec- 
tions. There are, however, several clinical syndromes known 
or believed to be associated with FHV-1 infection for which 
pathogenesis is unknown or unclear (Table 6.1). 


Keratoconjunctivitis Sicca (KCS) 


Keratoconjunctivitis sicca resulting from infection with FHV-1 
has been described and occurs in natural and experimental 
infection.'* Though the exact pathogenesis is unclear, it is likely 
that reduction of tear production is the result of virus-mediated 
destruction and obstruction of lacrimal secretory ductules. 


Stromal Keratitis 


Stromal keratitis in cats with FHV-1 infections is analogous to 
HSV-1-induced stromal keratitis (HSK) in humans. Data pro- 
duced to date suggest that stromal damage is immunopatho- 
logic in origin.” Histologic observations from cats with 
chronic, naturally occurring stromal keratitis have revealed 
fibrosis, collagen degeneration, and numerous lymphocytes, 
plasma cells, and macrophages. Experimentally, stromal ker- 
atitis does not occur during primary infection unless the nor- 
mal immune response is suppressed by corticosteroids.!* In 
this scenario, development of stromal keratitis is preceded by 
chronic epithelial ulceration and delayed virus clearance (and 
prolonged virus shedding) as well as acquisition of viral anti- 
gen by the corneal stroma. The sequential stromal accumula- 
tion of polymorphonuclear cells as well as T and B 
lymphocytes correlates temporally with the return of normal 
immune function, eventually leading to stromal inflammation 
and fibrosis. The events surrounding experimental FHYV-1 
stromal keratitis are most compatible with a delayed hyper- 
sensitivity, or Th] cell-mediated response.?! The precise 
mechanisms for development of stromal keratitis remain 
unclear. Antigens responsible for the immune response have 
not been identified, and stromal keratitis occurs during times 
when the virus is apparently quiescent and viral protein pro- 
duction cannot be detected. Sequestered viral antigens is one 
theory to explain the pathogenesis of HSK, but viral antigens 
cannot be detected. These factors have led some to suggest 
that HSK is an autoimmune disease against virus-altered host 
proteins or that it is the result of molecular mimicry. More 
recently evidence for the immunogenicity of viral DNA with 
high levels of CpG sequences has been demonstrated.” Stud- 
ies are in progress to determine if persistent viral DNA may 
play a role in the development of HSK. 
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Eosinophilic Keratitis 


Studies on scrapings and swabs of affected corneas show a clear 
link between eosinophilic keratitis (EK) and FHV-1 infection. 
PCR has demonstrated the presence of FHV-1 DNA in 45 of 59 
cases of confirmed eosinophilic keratitis.’ However, the role of 
FHV-1 in EK has not been determined. While there is some 
degree of overlap between the clinical appearance of 
eosinophilic keratitis and eosinophilic conjunctivitis, a study 
using PCR on tears collected from confirmed cases of feline 
eosinophilic conjunctivitis failed to amplify FHV-1 DNA.* 


Corneal Sequestration 


Corneal sequestration has been reported to be associated with 
FHY-1 infection. One study clearly demonstrated a relation- 
ship between FHV-1 and corneal sequestra when cats were 
infected and subsequently given immunosuppressive doses of 
corticosteroids.!* Subsequent investigation of naturally occur- 
ring feline corneal disease by PCR found 86 of 156 corneal 
sequestra samples to contain FHV-1 DNA, whereas only 1 of 17 
normal corneas contained FHV-1 DNA.*? Further analysis 
demonstrated that Persian and Himalayan breeds were signifi- 
cantly less likely to have FHV-1 DNA in sequestra samples than 
were other breeds. These findings suggest that sequestra in Per- 
sian and Himalayan breeds are likely due to some nonviral eti- 
ology. While there is-a significant relationship between corneal 
sequestra and FHV-1 in non-Persian, non-Himalayan breeds, 
the role of the virus in pathogenesis has not been determined. 


Symblepharon 


Symblepharon as a manifestation of FHV-1 is seen primarily 
in young animals that have experienced severe conjunctivitis 
and viral-induced cytolysis of conjunctival epithelium. Expo- 
sure of underlying substantia propria allows for adhesion to 
occur between adjacent ulcerated tissues. 


Uveitis 


Numerous herpesviruses are known to cause uveitis in 
humans. Likewise, FHV-1 has been demonstrated to be asso- 
ciated with feline uveitis. A recent study of cats with uveitis 
demonstrated FHV-1 DNA via PCR in the aqueous humor in 
cats with uveitis; the same study found 22 of 44 cats with idio- 
pathic uveitis had intraocular FHV-1-specific antibody pro- 
duction with Goldman-Witmer coefficient (C value) greater 
than eight.** These data support a role for FHV-1 in idiopathic 
uveitis, but the pathogenesis remains to be determined. 


Feline Calicivirus Infection 

Features 

Feline calicivirus is a single-stranded RNA virus of the family 
Caliciviridae and genus Vesivirus. 

Epidemiology and Pathogenic Mechanisms 


Feline calicivirus is considered to cause as much as 50% of all 
respiratory diseases in the cat, and it has often been referred to 
as a potential cause of conjunctivitis in this species as well. 


` 
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Table 6.1 Ocular Syndromes Reported to be Associated with Selected Animal Viruses 


Feline herpesvirus-1 Primary Infection 


e Most frequently conjunctivitis; symblepharon; dendritic corneal ulcers are less common 
Recrudescent Infection or Viral Persistence 
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e Conjunctivitis 

e Corneal ulceration 

e Eosinophilic keratitis 

e Corneal sequestration 

e Keratoconjunctivitis sicca 
e Stromal keratitis 


e Uveitis j 
Retinopathy or retinitis | 
Feline immunodeficiency virus Anterior uveitis 
Anterior hyalites (vitritis) 
Conjunctivitis 
Feline leukemia virus Anisocoria 
Lymphoma 


Retinal dysplasia with intrauterine infections | 


Anemic retinopathy } 
Uveal lymphoma 
Spastic pupil syndrome 
Experimental uveitis 
Feline sarcoma virus Uveal melanoma | 
Periocular fibrosarcoma 


Feline panleukopenia virus Retinal dysplasia with intrauterine infections 


Feline infectious peritonitis virus Granulomatous uveitis 


Canine herpesvirus-1 Retinal dysplasia with intrauterine infections 


Dendritic ulcers reported in 2 dogs 


Equine herpes virus-2 Ulcerative and nonulcerative keratitis | 


Canine adenovirus-1 Uveitis; corneal endothelialitis with corneal edema 


Conjunctivitis 
Bovine herpesvirus-1 Keratitis 


Bovine viral diarrhea Retinal dysplasia with intrauterine infection between days 76 and 150 of gestation 


Malignant catarrhal fever Anterior uveitis with lyphocytic vasculitis 


Keratitis 
i 


Results of numerous experimental studies, however, clearly 
indicate that calicivirus infection produces clinical signs that 
are nearly always restricted to the oral cavity and the respiratory 
system.>>*? In addition, studies addressing the effects of infec- 
tion with different calicivirus strains clearly reveal that glossal 
ulceration is the most prominent sign and that conjunctivitis is 
rarely observed.*”*? Furthermore, a comparative study regard- 
ing the effects of infection by 10 different calicivirus strains in 
66 cats revealed histologic changes in the conjunctiva of only 


one cat. Taken together, these data strongly suggest that 
caliciviruses are rarely pathogenic to the feline conjunctiva. 
Feline Infectious Peritonitis 

Features 


Feline infectious peritonitis virus (FIP) is single-stranded, 
enveloped RNA virus and is a member of the 
Coronaviridae family. FIP is genetically very similar to feline 
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ic coronavirus and may, in fact, be a mutant or variant of 
oe 40 One study found distinct genetic similarities between 
ae aad FECV isolated from the same geographic environ- 
ment that are not present when compared to either feline coro- 


avirus isolated from other environments.*! 
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Pathogenic Mechanisms 


Clinical signs of FIP infection are classically categorized into 
effusive (wet) and noneffusive (dry) forms of the disease. Vas- 
culitis develops from immune complex deposition, and result- 
ant increased vessel permeability allows exudation in the 
effusive form of FIP. Noneffusive FIP occurs when a cell- 
mediated immune response develops to the coronavirus, 
resulting in pyogranulomatous inflammation in affected 
tissues.” 

Ocular involvement is more typical in the noneffusive 
forms of FIP, with uveitis being a common finding of many 
affected cats.** Characteristic clinical signs are aqueous flare, 
keratic precipitates, iris swelling and color changes, hyphema, 
and retinal hemorrhages. 

Similarities between FIP and FECV and the relatively fre- 
quent exposure to FECV have long caused frustration in inter- 
pretation of laboratory diagnostics for suspected cases of 
FIP“ Cross-reactivity of serology between the viruses makes 
the interpretation of such tests difficult. Traditional RT-PCR 
techniques are highly sensitive to the presence of feline coron- 
avirus RNA but are incapable of distinguishing FIP from 
FECV. Recently, however, RT-PCR for subgenomic mRNA of 
the feline coronavirus M gene was adapted to identify FIP- 
infected peripheral blood monocytes.” That study was able to 
detect 75 of 81 postmortem confirmed cases of FIP, while 
none of 17 cats with other non-FIP pathologies were positive 
with this assay. 


. Feline Immunodeficiency Virus 
Features 


Feline immunodeficiency virus (FIV) is a member of the 
Retroviridae family, subfamily Lentivirnae. It is a single- 
stranded, enveloped RNA virus best known for causing an 
immunodeficiency syndrome in cats similar to that caused by 
human immunodeficiency virus (HIV). The biologic similari- 
ties between these viruses create much interest in FIV as a 
research model for human disease. 


Pathogenic Mechanisms 


Many of the clinical signs of FIV are related to the immunod- 
eficiency syndrome it creates with resultant secondary infec- 
tions. While this is particularly true of systemic clinical signs, 
ophthalmic clinical signs are more vague and not necessarily 
related to secondary infections. Two infectious organisms 
that have received considerable attention with respect to their 
interaction with FIV are Toxoplasma gondii and Chlamy- 
dophila felis (formerly known as Chlamydia psittaci). 
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Each of these organisms is more thoroughly discussed in its 
appropriate section in this chapter. 


Conjunctivitis 


Mild, chronic, or self-limiting conjunctivitis may be seen in 
FIV-infected cats.!”4° One study of cats with chronic conjunc- 
tivitis reported 8.5% of the cats tested were positive for FIV*’ 
compared to 2.6% FIV infection of normal cats. Another 
study of FIV-infected cats demonstrated 11% to have chronic 
conjunctivitis." 


Anterior Uveitis 


Feline immunodeficiency virus has been reported to cause 
anterior uveitis in the absence of secondary or opportunistic 
infections. Lymphocytic-plasmacytic inflammation of the 
anterior uvea is present histologically, but the pathogenesis of 
this lesion is undetermined. 


Associated Anterior Hyalitis (Vitreitis)/Pars Planitis 


Dense, white blood cell infiltration of the anterior peripheral 
vitreous adjacent to the lens zonules, producing the appear- 
ance of a “snowbank,” characterizes the pars planitis seen 
with FIV infection.“ The pathogenesis of this lesion is 
unknown, but the cellular infiltrate is primarily plasma cells. 


Anisocoria 


Mild-to-moderate mydriasis has been described with FIV 
infection. The pathogenesis of the lesion is not determined, 
but central nervous system disease was suggested as a pos- 
sible cause. Anisocoria from FIV infection is usually perma- 
nent and slowly progressive. 


Intraocular Neoplasia 


Cats infected with FIV are reported to be more likely to 
develop B-cell lymphoma, and one retrospective study 
reported 7 cats with intraocular lymphoma to be infected with 
FIV.” However, attempts thus far to demonstrate virus within 
intraocular melanoma have failed.°° While a direct correlation 
between FIV and intraocular neoplasia is not clear, it is pos- 
sible that FIV-related immunosuppression and reduced 
immune surveillance allows certain neoplastic processes to 
progress. 


Retinopathy 


Large, geographic, irregular areas of hyperreflectivity and 
areas of retinal thinning of the sensory retina have been 
described with FIV.** While there are also reports of retinal 
perivasculitis in some cases of FIV, the histologic appearance 
of FIV retinopathy is that of panretinal degeneration without 
inflammation.*! Support for this retinopathy being a primary 
condition, and not the result of secondary infection, comes 
from the fact that such lesions have been described in both 
naturally and experimentally infected cats. These lesions have 
developed during the acute phase of infection (i.e., the first 
6 months) in experimentally infected cats and during the 
AIDS-like stages in naturally infected cats. The pathogenesis 
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of this lesion is probably the same as that of the microvascular 
retinopathy that occurs during infection with HIV and of the 
neurologic degeneration that occurs in FIV-infected cats and 
HIV-infected humans. Two hypotheses have been proposed: 


1. Neurotoxin: Both FIV and HIV are capable of enhancing 
excitatory amino acid toxicity in cultured fetal neurons. This 
toxicity can be blocked using N-methyl-D-aspartate receptor 
antagonists. However, glial cells must be present for the toxic- 
ity to occur, which suggests the effect of the virus is indirect 
and is mediated by glial cells. These viruses do not appear to 
infect neurons, but they can infect microglia and, possibly, 
astrocytes. 


2. Altered Hemodynamics: FIV or HIV results in increased 
vascular permeability and altered hemodynamics. The finding 
of cotton-wool spots and hemorrhages indicates that vascular 
compromise occurs. The pathogenesis of these lesions and 
their importance, however, remain unclear. 


Feline Leukemia Virus 
Features 


Feline leukemia virus (FeLV) is an enveloped, single- 
stranded RNA virus in the Retroviridae family, subfamily 
Oncovirinae. 


Pathogenic Mechanisms 
Systemic 


Transmission of FeLV can occur horizontally or vertically. 
Horizontal transmission occurs via saliva with prolonged inti- 
mate contact and is more likely to occur in environments 
where biting or grooming is prevalent.’ After successful 
transmission of the virus, viremia develops, and the virus is 
disseminated to lymphoid tissue and bone marrow. From 
effects on cells at these sites, the virus causes hematologic 
changes, immunosuppression, and tumor formation. 


Ocular 


Uveal Lymphosarcoma: One of the most frequent ocular 
manifestations of FeLV is uveal lymphosarcoma. Uveal lym- 
phosarcoma is typically infiltrative, and appearance may 
range from mild diffuse iris thickening or focal anterior uveal 
masses to extensive uveal infiltration. Affected eyes will most 
often exhibit some degree of anterior uveitis, including aque- 
ous flare, anterior chamber fibrin, keratic precipitates, and 
synechia. In fact, FeLV should be considered a rule-out for 
idiopathic feline uveitis because one histopathologic study 
found it to be a frequent cause of uveitis. Lymphosarcoma and 
uveitis may also result in secondary glaucoma. Uveal lym- 
phosarcoma is often present as one component of multicentric 
disease but may also present without evidence of other organ 
involvement. Nonuveal lymphosarcoma may also cause ocu- 
lar clinical signs by infiltrating the orbit, eyelids, conjunctiva, 
or nictitans. 


Retinal Dysplasia: Infection of fetal kittens with FeLV may 
result in retinal dysplasia. Affected kittens develop inflamma. 
tion, followed by necrosis and disorganization of the retina 
resulting in rosettes, and retinal folds with infolding of the 
retinal pigment epithelium, and gliosis. Retinal neoplasia 
has also been suggested to occur in one kitten experimentally 
infected with FeLV.> 


Anemic Retinopathy: Anemic retinopathy results from 
decrease of hemoglobin concentration to below 5mg/dl. It is 
believed that resultant hypoxia from decrease in oxygen-car- 
rying capacity triggers a compensatory venule dilation to 
maintain retinal perfusion. Capillaries subsequently become 
fragile, resulting in hemorrhage at all depths of the retina.** 


Spastic Pupil Syndrome: It is likely that spastic pupil syn- 
drome represents FeLV infection of the parasympathetic por- 
tion of the cranial nerve II. Supporting data for this proposed 
mechanism, however, is limited. 


Other: A recent study reports the identification of FeLV 
proviral DNA via PCR in 11 normal feline corneas of 17 FeLV 
seropositive cats and in none of the corneas of seronegative 
cats.” Immunohistochemistry localized FeLV to the corneal 
epithelium. While the role corneal FeLV might play in FeLV- 
related ocular disease has not been determined, the immediate 
implications for these data are in the selection of donor 
corneas for corneal grafting procedures. 


Feline Sarcoma Virus 
Features 


Feline sarcoma virus (FeSV) belongs to the family Retroviri- 
dae and subfamily Oncovirinae. It is a variant of FeLV that 
has incorporated host oncogenes. 


Pathogenic Mechanisms 
Experimental FeSV Uveitis 


In an experimental study in which FeSV was injected subcuta- 
neously, anterior uveitis, including iritis, posterior synechia, 
and cataract formation, was present 37 days postinoculation. 
Histologically, the inflammation was primarily infiltration of 
lymphocytes and plasma cells into the anterior uvea, and 
inflammatory changes were attributable to virus—antibody 
interactions or cell-mediated immune response. Virus was 
identified in aqueous humor of infected cats.*° 


Experimental FeSV-Induced Uveal Melanoma 


Development of uveal melanomas has been demonstrated fol- 
lowing the anterior chamber inoculation of FeSV in experi- 
mental studies. More recently, FeLV/FeSV proviral DNA was 
identified in 3 of 36 globes enucleated for uveal melanoma.” 
Status of systemic infection with FeLV or FeSV was not 
known. The role naturally occurring FeLV or FeSV may play 
in the development of uveal melanoma remains unknown. 
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Fibrosarcomas 
Fibrosarcomas of the eyelids have been reported to be associated 
with FeSV in young cats. A recent study of 6 cats affected with 


ocular sarcoma, however, failed to demonstrate FeLV or FeSV.>’ 


Feline Panleukopenia Virus 


Features 


Feline panleukopenia virus is anonenveloped, single-stranded 
DNA virus and a member of the family Parvoviridae and 
genus Parvovirus. 


Pathogenic Mechanisms 


The major ocular pathology of feline panleukopenia is retinal 
dysplasia associated with intrauterine infection. In one case 
report of a 6-week-old kitten, lesions were characterized by 
retinal thinning, loss of the normal architecture, and rosette 
formation.’ Virus was recovered from the cerebrum, and 
cerebellar hypoplasia was present as well. Hydrancephaly has 
also been reported in association with perinatal panleukopenia 
infection; the optic nerves were small with increased 
perineural connective tissue.” 


Canine Herpesvirus 
Features 


Canine herpesvirus type 1 (CHV-1), like FHV-1, is an 
enveloped, double-stranded DNA virus. It is a member of the 
Herpesviridae family and the Alphaherpesvirinae subfamily. 
Its host range is restricted to the dog, and replication and bio- 
logic behavior are similar to FHV-1. 


Pathogenic Mechanisms 


Systemic 


Transmission can take place in utero, following contact with 
contaminated vaginal secretions, or postparturition. In pup- 
pies, death is caused by disseminated virus replication in 
parenchymal organs and the CNS. Transient vaginitis may be 
the only clinical manifestation in adults. The lesions result 
from direct viral cytolysis. 


Ocular 


Experimental infection of newborn puppies with CHV-1 
results in keratitis, uveitis, retinal necrosis, and optic neuri- 
tis. Panuveitis with intranuclear inclusions can be seen 4 
days after experimental infection, with subsequent retinal 
necrosis, retinal maturation retardation, and retinal folding 
and hypertrophy. One recent report identified CHV-1 as the 
etiology of dendritic corneal ulceration in 2 dogs.®! CHV-1 
was identified using cell culture, PCR, indirect immunofluo- 
rescent antibody (IFA), and electron microscopy in the 
affected dogs, whereas the virus could not be isolated in nor- 
mal dogs or dogs with nondendritic corneal ulcers. It was 
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suggested that immunosuppression likely played a key role in 
the development of viral keratitis in both dogs. 


Canine Distemper Virus 
Features 


Canine distemper virus is an enveloped, negative strand RNA 
virus. It is a member of the family Paramyxoviridae, genus 
Morbillivirus. 


Pathogenic Mechanisms 
General 


Canine distemper virus has an affinity for tissues of neural and 
epithelial origin. It causes pathology via direct cytolysis of 
infected cells. 


Systemic 


The primary route of infection is the respiratory tract. The 
virus spreads from the oropharynx to the regional lymph nodes 
and tonsils, and viremia disseminates the virus to lymph tis- 
sues throughout the body. Virus persists in the epithelial tissues 
of dogs unable to mount a protective immune response. 


Ocular 


Affected tissues include conjunctival epithelium, lacrimal 
gland, retina, optic nerve, and optic tracts. Mucoid to catarrhal 
ocular exudates are often present in acute distemper. Kerato- 
conjunctivitis sicca may occur as a direct result of acute dis- 
temper and may be a short-lived or chronic change. In the 
earliest report, posterior segment abnormalities resultant from 
distemper included retinitis, optic neuritis, and destruction of 
the optic tracts. Acute retinitis is characterized by conges- 
tion, edema of the nerve fiber layer and the inner plexiform 
layer, and perivascular cuffing.°* Intranuclear inclusions 
may be seen in retinal glia. Sequelae are optic nerve degenera- 
tion, focal-to-diffuse areas of retinal degeneration character- 
ized ophthalmoscopically in the tapetal fundus by 
hyperreflectivity, and RPE pigment loss in the nontapetal fun- 
dus. Retinochoroiditis has been demonstrated to occur in 9 of 
22 dogs infected with distemper. Distemper inclusions have 
also been found in the ciliary body of one dog.® 


Canine Adenovirus-1 
Features 


Members of the DNA virus family Adenoviridae are divided 
into two genera: Mastadenovirus and Aviadenovirus. The for- 
mer includes Canine adenovirus-I (CAY-1). These viruses are 
nonenveloped, regular icosahedrons 65 to 80 nm in diameter. 


Pathogenic Mechanisms 
Systemic 


Canine adenovirus is acquired via oropharyngeal route and 
is a recognized cause of pharyngitis and tonsilitis. Virus 
replicates and spreads to regional lymph nodes, kidney, liver, 
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and vascular endothelium. CAV-1 is the causative organism 
of infectious canine hepatitis and may thus cause severe or 
fatal illness. 


Ocular 


Ophthalmic signs of CAV-1 occur from natural infection and 
from vaccination with modified live vaccines. Initial clinical 
findings are mild anterior uveitis with mild corneal edema and 
anterior uveitis. These early clinical signs are resultant from 
viral replication in the anterior uvea and corneal endothe- 
lium® and are histologically characterized by mononuclear 
inflammatory cell response in the iris and trabecular mesh- 
work.® A second phase of ocular inflammation is character- 
ized by severe corneal edema. This latter phase of primarily 
corneal disease is the result of a type II] hypersensitivity reac- 
tion (i.e., immune complex disease or Arthus reaction) affect- 
ing the corneal endothelium; replicating virus is not detectable 
from the eye in this latter phase, whereas viral antigen and 
antibody are easily demonstrated. 

Type III hypersensitivity has been readily demonstrated 
in an experimental setting.*”** Twenty-four dogs were inoc- 
ulated with infectious canine hepatitis (ICH). Nine dogs 
received virulent virus subcutaneously, and 15 dogs received 
attenuated virus intravenously. After 4 to 8 days, the aqueous 
humor was removed and the anterior chambers injected with 
0.2 mL of anti-ICH serum. Fourteen of the 24 dogs devel- 
oped eye disease, and in two dogs, corneal edema was 
severe. Purified viral antigen and anti-ICH serum were then 
injected into the anterior chamber of 8 dogs. Intense iritis 
with severe edema occurred, and the reaction was found to 
be more severe if complement was added to the immune 
complexes. 


Prevalence 


Ocular disease is estimated to occur in 20% of naturally 
occurring cases and in 0.4% of dogs given modified live vac- 
cine. Afghan Hounds have been suggested to be predisposed 
to more severe ocular lesions after inoculation with attenuated 
CAV-1 vaccine.” 


Equine Herpesvirus 
Features 


Five equine herpesviruses (EHV) have been identified: EHV-1 
(i.e., rhinopneumonitis virus), EHV-3 (i.e., coital exanthema), 
and EHV-4 are members of the Alphaherpesvirus subfamily, 
and EHV-2 and EHV-5 are members of the Gammaher- 
pesvirus subfamily. Continued improvements in molecular 
virology are advancing our understanding and classification of 
viruses. At one time, EHV-2 was classified as a betaher- 
pesvirus but is now more appropriately classified as a gamma- 
herpesvirus. Similarly, EHV-2 and EHV-5 are very closely 
related’’!; many early reports of EHV-2 may have, in fact, 
been EHV-5. 


Viral Pathogenesis 


Only three equine herpesviruses have been associated with 
ocular disease. Alphaherpesviruses EHV-1 and EHY-4 are 
known to cause conjunctivitis as a component of upper respi. 
ratory disease. Keratitis attributable to EHV-2 has been 
described repeatedly in the literature as punctate, lacelike, 
ulcerative, or nonulcerative lesions of the cornea in individua] 
cases and in herd outbreaks of corneal disease.”~”* Early 
reports isolated replicating EHV-2 from affected eyes, 
whereas later reports demonstrated presence of the virus vig 
PCR. Though EHV-2 is widely reported to be associated with 
corneal disease, it is not clear whether the virus is actually 
responsible for corneal disease or is merely an incidental find- 
ing in the face of corneal disease. Gammaherpesviruses are 
ubiquitous in equine populations but may have regional vari- 
ability in prevalence. They are also reported to infect and 
become latent in mononuclear white blood cells. A prelimi- 


nary study of 10 horses with normal eyes, using PCR specific 


for equine gammaherpesviruses EHV-2 and EHV-5, found 8 
horses to have a gammaherpesvirus DNA present in nasopha- 
ryngeal swabs and 5 to have gammaherpesvirus present in 
conjunctival swabs.’> Given the relatively high prevalence of 
gammaherpesvirus DNA detected from horses with normal 
eyes in this limited population, it seems possible that gamma- 
herpesviruses detected from horses with corneal disease may 
be an incidental finding. Further studies are needed to deter- 
mine if EHV-2 or EHV-2 play a role in equine corneal disease. 


Bovine Herpesvirus-1 (Infectious Bovine 
Rhinotracheitis) 


Features 


The infectious bovine rhinotracheitis virus belongs to the fam- 
ily Herpesviridae and subfamily Alphaherpesvirinae. Its 
structure and behavior is typical of other alphaherpesviruses. 


Pathogenic Mechanisms 
Systemic 


Upper respiratory disease is caused by direct viral cytolysis. 


Ocular 


Ocular disease may occur with or without respiratory signs. 
Conjunctivitis is the predominant feature with variable sever- 
ity ranging from chemosis and hyperemia to severe ulcerative 
conjunctivitis, with formation of white conjunctival plaques 
composed of mononuclear cells (i.e., plasma cells and lym- 
phocytes).’°”’ Keratitis is also possible. 


Bovine Virus Diarrhea 
Features 


Bovine virus diarrhea (BVD) is a member of the Togaviridae 
family and genus Pestivirus (i.e., mucosal disease viruses): 
The virus exists in a lipid-containing envelope with surface 
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rojections that surround a spherical nucleocapsid. Virions are 
40 to 70 nm in diameter. Replication occurs in the cytoplasm, 
and assembly is assumed to occur during budding through the 


plasma membrane. 


pathogenic Mechanisms 


BVD is subdivided into cytopathic and noncytopathic forms 
dependent on behavior in cell culture and presence of certain 
protein sequences. Cytopathic BVD is characterized by the 
production of NS3 structural protein, whereas noncytopathic 
BVD produces the noncleaved structural protein NS23.”8 
Calves that are infected with noncytopathic BVD prior to 150 
days of gestation are immunotolerant of the virus and become 
persistently infected, whereas infection with cytopathic virus 
at this stage is often fatal. Persistently infected animals are life- 
long carriers and may shed virus in large quantities throughout 
their lives.” Calves surviving infection between 76 and 150 
days of gestation often have congenital ocular defects, includ- 
ing retinal dysplasia, cataracts, and microphthalmos.8°*? 


Malignant Catarrhal Fever 
Features 


Malignant catarrhal fever virus belongs to the family 
Herpesvirinae and subfamily Alcelaphinae. 


Pathogenic Mechanisms 
General 


Malignant catarrhal fever is a pansystemic, vasculopathic 
disease of cloven-hooved animals worldwide (e.g., deer).*° In 
the peracute form, death from hemorrhagic gastroenteritis 
occurs | to 3 days after the onset of clinical signs. In the 
alimentary form, clinical signs are fever, diarrhea, diffuse 


_ exanthema, lacrimation, and lymphadenopathy. In the head 


and eye form, typically seen in Africa, mucopurulent nasal 
discharge, corneal opacity, edema of the head and neck, and 
neurologic manifestations are common. Nasal and lacrimal 
discharge, dermatitis, and lymphadenopathy may be the only 
external signs in the ocular form of the disease. 


Ocular 


Lymphocytic vasculitis of retinal, scleral, and uveal vessels is 
the predominant insult. Anterior uveitis is associated with 
corneal edema and keratitis. The predominantly lymphocytic 
vascular infiltrates contrasts this disease from BVD, throm- 
boembolic meningoencephalitis (TEME), infectious bovine 
thinotracheitis, and infectious keratitis.**° An immunologic 
mechanism is suspected (e.g., type IV [DTH response]). 


Bluetongue Virus 
Features 


Bluetongue virus is nonenveloped RNA virus, a member of 
the family Reoviridae, and a member of the genus Orbivirus. 
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Pathogenic Mechanisms 


The bluetongue virus replicates in hematopoietic cells and 
endothelial cells of blood vessels. The ocular lesions are simi- 
lar to those caused by BVD in both calves and lambs.®° Vacci- 
nation of ewes during the first trimester of gestation with 
attenuated live vaccine produces necrotizing retinitis and CNS 
damage. Target tissues are the brain, spinal cord, and retina. 
The severity of disease depends on when in gestation the ewes 
are vaccinated. In lambs infected at 50 to 58 days, early 
lesions predominantly affect the retinal vasculature (i.e., 
endothelial nuclei rounded and vesicular). 


Marek’s Disease 
Features 


Marek’s disease virus is a member of the family Herpesviri- 
dae and subfamily Gammaherpesvirinae 


Viral Pathogenesis 


Marek’s disease is slowly cytopathic, like other gammaher- 
pesviruses, and is tumorgenic with an ability to transform T 
lymphocytes. Systemic manifestations of Marek’s disease are 
neurolymphomatosis (range paralysis) and acute Marek’s 
disease. Ocular manifestations of Marek’s disease include 
severe panuveitis and ocular lymphomatosis.*’ 


Diagnostic Methods 
Cytology 


Cytology may be a useful diagnostic tool for a few viruses. 
Presence of multinucleate epithelial cells is suggestive of 
HSV-1 infection in humans, but these cells are not present in 
FHY-1 infections. Intranuclear inclusions in epithelial cells 
may be seen in conjunctival scrapings during primary FHV-1 
infection, but they are not identifiable with routinely used 
Wright-Giemsa-type cytologic stains. The inflammatory cell 
infiltrate seen in acute FHV-1 infection consists predomi- 
nantly of neutrophils and therefore has little diagnostic signif- 
icance. At least early in the course of disease, examination of 
Schorr’s-stained conjunctival scrapings for intranuclear inclu- 
sion bodies can be useful in making the diagnosis of canine 
distemper. 


Immunofluorescence 


Immunofluorescent antibody (FA) testing has long been used 
to diagnose viral infections in animals. Immunoflourescence 
can be performed in a direct or indirect manner. The funda- 
mental principle behind each method of FA is that the sample 
to be tested for viral antigens is fixed on a slide, and a fluores- 
cent molecule is attached to the viral antigen through one or 
more viral-specific antibodies. The direct method uses a single 
antibody (or a single application of polyclonal antibodies) with 
conjugated fluorescent molecule to react with the sample. The 
indirect FA (IFA) method first uses a nonfluorescent antibody 
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to react with the sample (the primary antibody) and follows up 
with a secondary fluorescent antibody with an affinity for the 
first antibody used. Both methods require the use of a fluores- 
cent microscope for-evaluation. The IFA is more commonly 
utilized than direct FA for most diagnostic testing. 

Limitations of FA in virological diagnosis are in the effec- 
tive sensitivity of these assays. For example, FHV-1 can be 
detected with IFA on day 1 through 6, but not on day 9 of 
experimental infection.'!* Twelve days postinfection, FHV-! 
detection rate using virus isolation was 99%, whereas IFA 
detection rate was 20%.** Similarly, positive IFA results were 
reported in only 8.8% of cases in which FHV-1 was suspected 
as being causative.“ Another study demonstrated 28% of clin- 
ically normal cats to be positive via FA; 50% of cats with 
acute FHV-1 infection and 36% of cats with chronic FHV-1! 
infection were positive in the same study.’ Another limitation 
to FA is the stage of infection and concentration of viral epi- 
topes. Many viral infections, such as FHV-1, decrease replica- 
tion and release of virus and associated antigens with 
chronicity. Thus, long-standing infections are less likely to 
have detectable antigen. In addition to the biologic sensitivity 
of FA testing, sensitivity and specificity is dependent on tech- 
nician interpretation. Technicians must tediously examine 
numerous cells and subjectively determine if the magnitude of 
cell fluorescence is above that which would be considered 
“background” fluorescence. 

Sample collection involves collecting scrapings or swabs 
of affected tissue and spreading on microscopic slides or col- 
lecting tissue biopsies. Smears or scrapings should be ace- 
tone-fixed to preserve epitopes for reaction. 


Virus Isolation 


Virus isolation (VI) has long been considered the “gold stan- 
dard” for diagnosing viral infections. However, VI suffers 
from significant limitations. Many viruses (e.g., FHV-1) are 
labile and may be destroyed using standard collection and 
transport mechanisms. Special transport media and rapid 
delivery to a laboratory are not always available in field situa- 
tions. Isolating a virus requires cell culture techniques. It is 
relatively laborious and expensive for laboratories to maintain 
large libraries of cells in culture for VI compared to mainte- 
nance of reagents for newer diagnostic methods such as PCR. 
With the decreased sensitivity compared to newer molecular 
methods, VI use is declining. Samples should be obtained 
with Dacron swabs and placed in culture as soon as possible.*” 
If not collecting samples directly onto cell culture, swabs 
should be placed in appropriate transport media and shipped 
on ice to the laboratory as fast as possible. Freezing of the 
sample should be avoided because many viruses are inacti- 
vated by repeated freeze-thaw cycles. 


Serology 


Serology has long been used for diagnosis of several viral 
infections. A fourfold rise in neutralizing titer between acute 


and convalescent sampling is considered to be diagnostic of 
infection for many viruses. Unfortunately, routinely per. 
formed serologic titers have not proved to be useful in diag. 
nosing many of the most important ocular pathogens, such aş 
FHV-1 infection in the cat. Two reasons for this are the rela. 
tively low titer response after primary infection and the inabjj. 
ity to distinguish response in primary infection from that with 
repeated vaccination. Though neutralizing titers predictably 
rise after experimental reactivation of latent virus, titers of 
great magnitude are rarely seen in cats with recrudescent 
infections. In one study,’ comparison of FHV-1 enzyme- 
linked immunosorbent assay (ELISA) titers with clinical 
signs suggestive of FHV-1 infection, or IFA and VI, demon. 
strated no correlation between titer magnitude and the likeli- 
hood of a positive test result. A prior study demonstrated 
serum titer to be inversely proportional to the probability of 
getting positive FA or VI result. It is likely that the negative 
FA results are due to antigen inhibition by secretory anti- 
body.“ 

As previously noted, similarities between FIP and FECV 
prevent the effective use of serologic methods in the diagnosis 
of FIP. 


Polymerase Chain Reaction 


PCR has significantly improved the ability to diagnose many 
viral pathogens. The major advantage of PCR is its inherent 
exponential amplification of small amounts of DNA to a 
detectable signal.” The key to this exponential molecular 
amplification is that the target DNA sequence is doubled dur- 
ing each of approximately 30 cycles of the amplification reac- 
tion. Thus, one viral copy, under ideal conditions, would be 
amplified to 5.37 x 108 copies in 30 cycles of amplification. 
The general concept behind PCR is that a simple double- 
stranded template DNA is reacted with oligonucleotide 
primers, free nucleotide bases to be used in constructing new 
DNA molecules, and DNA polymerase. These components 
are mixed in a sample tube with appropriate salt concentra- 
tions and buffers. The sample is heated to approximate 90°C 
to melt or separate the double-stranded DNA, cooled to allow 
annealing of the oligonucleotide primers to the template 
DNA, and heated slightly to allow DNA polymerase to build 
new DNA strands from the oligonucleotide primers, template 
DNA, and nucleotides. This series of reaction temperatures 
constitutes one cycle of the PCR reaction. The entire PCR 
reaction is comprised of numerous cycles (approximately 25 
to 40) to exponentially amplify the target DNA sequence. 
Three common variations of PCR methodology are nested 
PCR, RT-PCR, and real-time PCR. Nested PCR utilizes 4 
second set of oligonucleotide primers, directed at a sequence 
internal to the first amplified sequence, and repeats the 
cycling program a second time. The major advantage of 
nested PCR is increased sensitivity. Increased sensitivity; 
however, may have adverse effects in some situations, as dis- 
cussed later. RT-PCR is a method of amplifying RNA for 
detection. DNA polymerases used in PCR will not amplify 
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RNA sequences. Therefore, RNA sequences must first be 
reverse transcribed to DNA so that standard PCR can be per- 
formed. This technique is frequently utilized to detect mRNA 
sequences transcribed from DNA, but it may also be used to 
detect RNA of certain RNA viruses. Real-time PCR is a mod- 
ification of the standard PCR reaction that measures the rate 
and amount of amplification of target DNA sequence; thus 
real-time PCR allows quantification of the target DNA. Such 
measurement is made possible through the use of molecules 
that fluoresce when bound to double-stranded DNA or spe- 
cialized primer sets that fluoresce as they are utilized in the 
PCR reaction (Taqman technology). Using either technology, 
the amount of fluorescence is measured once during each 
cycle of the PCR reaction. Comparison of the fluorescent 
measurements to standard curves of amplification reactions 
of known quantities of DNA allows for estimation of the 
amount of target DNA present in the initial sample. 


PCR for FHV-1 

PCR has been utilized extensively for diagnosis of clinical 
FHV-1 infections and in research studies. The most frequently 
reported target gene utilized for FHV-1 PCR is the thymidine 
kinase gene. Both standard and nested PCR assays have been 
described. Sensitivity of these assays has been reported as 
being capable of detecting as little as 0.08 fg (less than one 
viral copy) to 390 fg (approximately 3 x 103 virus copies) of 
viral DNA?!” 

The high sensitivity of PCR, combined with the ubiquitous 
nature of FHV-1, has the potential of creating a diagnostic 
dilemma for the clinician. With as many as 80% of exposed 
cats being latently infected, it is not uncommon to detect 
FHV-1 DNA sequences in samples taken from normal eyes. 
Additionally, the ability of latent FHV-1 infections to be reac- 
tivated and to shed virus with stress can further confound 
interpretation of positive PCR results. For example, cats with 


~ non-FHV-|-induced corneal disease may be stressed enough 


by corneal disease that they reactivate a latent infection and 
begin to shed virus. Such a scenario would yield a legitimate 
positive PCR result but may lead a clinician to an incorrect 
diagnosis. The clinician must be cautious in selection of PCR 
and interpretation of positive PCR results. 

Real-time PCR and RT-PCR have recently been utilized to 
further characterize FHV-1 infections, though their use for 
clinical diagnostics is not widespread. Attempts were made to 
correlate the amount of virus with stage of infection using 
real-time PCR.” Results correlate with virus isolation meth- 
ods, but this diagnostic method may have limited ability in 
discriminating latently or persistently affected “normal” 
patients from those with low levels of virus shedding during 
clinical disease. RT-PCR has been used experimentally to 
identify latent infections in trigeminal ganglia.'® 


PCR for FIP Virus 


As previously discussed, FIP is believed to be a mutation of 
FECV. Because these viruses are so closely related, it has not 
been possible until recently to distinguish them via molecular 
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methods. RT-PCR for subgenomic mRNA of the feline coron- 
avirus M gene adapted to identify FIP-infected peripheral 
blood monocytes was able to detect 75 of 81 postmortem con- 
firmed cases of FIP. None of 17 cats with other non-FIP 
pathologies were positive with this assay. 


Sample Collection 


Collection of samples for PCR must be done with considera- 
tion of pathogen and host biology and interaction of the 
pathogen and host. FHV-1 is an obligate intracellular organ- 
ism that only leaves the cell with replication and release. To 
maximize the opportunity of detecting a herpesvirus infection 
via PCR, the clinician must collect as many host cells as pos- 
sible for analysis. Thus, a scraping is preferred over a swab, 
and a biopsy is preferred over a scraping. Site of infection or 
affected tissue should also be considered. For collection of 
conjunctival swabs, a topical anesthetic is instilled in the eye 
and a sample is collected on a Dacron swab by rolling it 
through the ventral cul-de-sac. Swabs are placed in 1 mL of 
phosphate-buffered saline (PBS). Alternatively, for epithelial 
keratitis, scrapings may be collected; keratectomy or other tis- 
sue specimens are similarly placed in PBS. Once collected, 
samples should be frozen (—20°C) until the PCR assay can be 
performed, and it must not be allowed to warm appreciably 
before analysis. Prior to analysis, swab specimens are 
processed via lysing the cells by heating at 98°C for 10 min- 
utes. Tissue samples must first be digested with enzymes (pro- 
teinase K) and the DNA extracted before cycling. 


OCULAR BACTERIOLOGY 


Morphology and Life Cycle 


Bacteria are prokaryotic organisms consisting of a cell mem- 
brane (i.e., cell wall or envelope), cytoplasm, one strand of 
DNA, and in some instances, specialized surface structures 
such as capsules or fimbriae (pili). Bacteria lack a nucleus or 
mitotic apparatus, but the bacterial DNA is organized into a 
single, circular strand of chromosome. In addition to this sin- 
gle, closed-loop chromosome, bacterial cytoplasm contains 
smaller molecules of DNA, termed plasmids, and ribosomal 
RNA. Plasmids carry information for drug resistance, that is, 
R factors, or code for toxins that can affect host cellular func- 
tions. Bacteria reproduce by asexual binary fission, involving 
ingrowth of the cell wall and cleavage of the intracellular 
compartment with division of cell contents. 

Bacterial cell walls are comprised of phospholipids and 
proteins that play key roles in many cell functions. Cell mem- 
branes of bacteria contain the electron transport system, serve 
as an osmotic barrier, and regulate transport of solutes. The 
cell wall is also the site of many antigenic determinants for 
various bacteria, whereby variability of surface polysaccha- 
rides allow serologic differentiation of isolates. Endotoxin, 
when present, is located within the cell wall, where a lipid 
component (i.e., lipid A) is primarily responsible for toxicity. 
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Mycoplasmas lack a rigid cell wall, and some agents, such as 
Borrelia and Leptospira sp., have flexible, thin walls. 

Specialized bacterial surface structures include the outer 
capsules and fimbria. The external layer of the bacterial cap- 
sule can prevent phagocytosis and aid in adherence of the bac- 
teria to tissues. Capsules may be well organized and distinct 
or more mucuslike and diffuse, forming a slime layer that con- 
tributes to formation of a biofilm.” Some bacteria have a cap- 
sule with a chemical structure that mimics host tissue, thereby 
camouflaging the organism from the host’s immune system.” 
Fimbriae (or pili) are short, hairlike extensions of the cell 
membrane that mediate adhesion to specific surfaces. Fim- 
briae aid in the initial colonization of the host, but they may 
also increase susceptibility of bacteria to phagocytosis. 

The bacterial growth cycle typically consists of four 
phases: the lag phase, the logarithmic growth phase, the sta- 
tionary growth phase, and a decline phase. Bacteria vary in 
their temperature requirements for growth and can be divided 
into psychrophiles (0-20°C), mesophiles (20-40°C), and 
thermophiles (40-90°C). Most bacteria are mesophiles, with 
some important mesophiles, such as Staphylococcus sp., capa- 
ble of growth at temperatures below their normal growth 
range. Others, such as Streptococcus and Proteus sp., possess 
the ability for psychrophilic growth. 

Iron is an essential nutrient for bacteria. Iron availability 
affects bacterial growth and can influence the nature of a bac- 
terial infection. The fact that the eye is iron-deficient may aid 
in its resistance to bacteria. Bacteria may undergo phenotypic 
changes, however, and develop ways to acquire iron from 
infected tissue. Under conditions of iron-restricted growth, 
pathogenic bacteria may produce exotoxins and thereby 
acquire iron from damaged host cells.” 


Classification 


Gram-staining properties and cell morphology remain the 
most practical means of classifying bacteria. Other important 
distinguishing features are fermentation products, ability to 
metabolize various substrates, sensitivity to different antibi- 
otics, and colony morphology. Commercially available kits 
are now widely used, especially in nonreference laboratories. 
Though common, concerns have been expressed about the 
accuracy and expense of some of these rapid identification 
methods. DNA typing has been exploited to develop rapid 
diagnostic systems and to illuminate bacterial heterogeneity, 
thus allowing refinement of taxonomic designations; specific 
taxonomic categorization requires approval of an official 
international body. DNA sequencing has also made apparent 
the variations within groups of organisms.” 


Dynamics of Ocular Surface Flora 


Commensal Flora 


Microbial populations of the ocular surface vary greatly 
between species (Table 6.2). Several factors appear to influ- 
ence the prevalence of individual microorganisms; these 
include geography and climate, season, species, sampling and 


culturing techniques, and the immediate environment, Nop. 
mal, noninvasive mucosal bacterial populations are primarily 
comprised of commensal flora present in large numbers anq 
transient flora that may be recovered infrequently and in 
smaller numbers. These noninvasive normal microbial inhabj. 
tants of the ocular surface play a major role in prevention of 
infectious ocular disease. By limiting available nutrients, 
occupying surface space, and secreting inhibiting substances, 
these commensal flora are presumed to inhibit pathologic 
microbial species from colonizing the ocular surface and to 
provide an important means of checks and balances in ocular 
surface microbiology. Disruption of this homeostatic mecha- 
nism with long-term use of topical antimicrobials may result 
in overgrowth of pathogenic microbes with subsequent ocular 
disease (Table 6.2). 


Opportunistic Bacteria 


Bacteria that are either nonpathogenic or generally considered 
to be weakly pathogenic may cause disease in an immuno- 
compromised host or present as a coinfection. Opportunistic 
organisms may colonize tissue after gaining entry into an 
unusual anatomic site via trauma or other insult. Mixed infec- 
tions may occur whereby a combination of organisms that 
individually are incapable of causing significant infection may 
complement each other, thus producing pathogenic factors 
sufficient to cause disease. Research opportunities exist for 
investigating determinants of mixed infections in both humans 
and animals. Some examples of opportunistic bacteria com- 
monly isolated in cases of animal disease include Staphylo- 
coccus epidermidis, Bacillus sp., Corynebacterium sp., 
Escherichia coli, Klebsiella sp., Enterobacter sp., Serratia 


sp., and Pseudomonas sp. (other than Pseudomonas aerugi- 
nosa),01:104,105,112-114 


Aerobic Pathogens 


Gram-Positive Bacteria 
Staphylococcus Sp. 


Staphylococci are ubiquitous and indigenous microflora of the 
skin and mucous membranes, and they are common causes of 
suppurative ocular and periocular infections.!0!!2!"" 
Staphylococci are Gram-positive organisms that appear cyto- 
logically as individual cocci, pairs of cocci, small groups of 
four to six organisms, or grapelike clusters. They are faculta- 
tive anaerobes, fermentative, catalase-positive, oxidase-nega- 
tive, and nonmotile. When Gram-positive cocci are seen in 
corneal or conjunctival scrapings, Staphylococcus sp. must be 
differentiated from Streptococcus sp., Micrococcus Sp., and 
yeasts such as Candida sp. and Pityrosporum sp. 

Coagulase (named because it clots plasma) and hemolysins 
are the most widely recognized enzymes produced by staphy- 
lococci. Other enzymes produced by staphylococci include 
staphylokinase, catalase, lipase, collagenase, hyaluronidase, 
nuclease, fibrinolysin, gelatinase, protease, phosphatase, and 
lysozyme. Staphylococci may also produce enterotoxins with 
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Table 6.2 


Canine 


Feline 


Equine 


Bovine 


Ovine 


Camelids 


Birds 
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Summary of Findings of Studies of Normal Ocular Flora 


Wide variation in prevalence of individual organisms 
Gram-positive organisms most commonly isolated (98, 99) 
Bacteria recovered from 68-78% of normal dog eyes (100-102) 

e Staphylococci most common isolates 

e Coagulase-positive S. aureus isolated in up to 45% of eyes 

e Small numbers of multiple other bacterial species 


65% of eye cultures were negative (103) 
S. aureus and S. epidermidis predominated in eyes with positive growth 


Similar bacterial genera from normal eyes of horses in different geographic regions of the world 
e Gram-positive aerobic bacterial most common 
e Bacillus cereus, Corynebacterium sp., and Staphylococcus epidermidis common Gram-positive isolates 
e Considerable variation noted in prevalence of individual organisms 
Comparison of normal microflora from 2 horse populations (104,105) 
e Gram-positive isolates predominated in both stabled and hospitalized horses 
e Corynebacterium, Bacillus, Staphylococcus, and Streptomyces prevalent Gram-positive genera 


e Gram-negative organisms less common overall, with Neisseria, Moraxella, and Acinetobacter prevalent 
Gram-negative genera isolates 
Mycoplasmas not identified 


Ocular microflora of eyes of calves brought into commercial units (106) 
e Nonhemolytic Moraxella bovis in 50-60% of calves 1-2 months after grouping 
e Overall rate of isolation of M. bovis was 13% with an upsurge in isolates in late summer 


e Brahamella catarrhalis and Mycoplasma bovoculi present in a few calves initially but increased after grouping to 26% 
and 45%, respectively 


e Other isolates included Staphylococcus epidermidis (65%), Streptococcus faecalis (48%), Bacillus sp. (45%), 
Ureaplasma sp. (13%), Acholeplasma laidlawii (9%), Mycoplasma bovirhinis (8%), Mycoplasma bovis (2%), 
Escherichia coli (2%) 


Conjunctival sacs of 100 healthy ewes and 20 lambs cultured (106) 
e Branhamella ovis was the only organism regularly isolated 
e Mycoplasma conjunctivae was isolated from 9 normal ewes 


Bacterial and mycoplasma cultures of healthy conjunctivae of 3 species of captive camelids (108) 
e Eleven genera of bacterial isolates 
e Staphylococcus epidermidis and Pseudomonas sp. most frequent isolates 
e Nine varieties of pseudomonads found, representing at least 3 Pseudomonas sp. 
e Many isolates (particularly the pseudomonads) potentially pathogenic 
e Mycoplasmas not isolated 


Bacteriologic flora from conjunctiva and cornea of healthy psittacine birds (109) 
e Bacteria isolated from 59% of bird eyes cultured 
Conjunctival flora of eyes of normal captive exotic birds (110) 
e 83% yielded bacterial isolates 
e 70% of isolates Gram-positive 
e Mycoplasma sp. were absent 
e Stained conjunctival scrapings did not reveal chlamydial inclusions 
Bacterial genera isolated most frequently (both studies): Staphylococcus and Corynebacterium 


(continued) 
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Table 6.2 Summary of Findings of Studies of Normal Ocular Flora (continued) 


Conjunctival flora of 100 clinically ducklings 


Rabbits 
e 99% yielded isolates 


Be 


e 57% of Gram-negative isolates indicated intestinal flora from fecal contamination of water source 
Conjunctiva of 54 New Zealand white rabbits with no signs of ocular or upper respiratory infection (111) 


e Bacillus sp. and Staphylococcus sp. predominated 
e Pasteurella multocida and Bordetella bronchiseptica infrequently isolated 


a wide range of biologic activities. In the human eye, alpha 
toxin (dermonecrotoxin) has been associated with chronic 
staphylococcal conjunctivitis. '!° 

Staphylococcal isolates commonly recovered from ocular 
sources are coagulase-positive species, S. aureus and S. inter- 
medius, and a coagulase-negative species, S. epidermidis. 
Coagulase-negative staphylococci vary in pathogenic poten- 
tial, but because they may produce some of the same biologi- 
cally active products (e.g., hemolysins, dermonecrotoxin), 
they are recognized as being increasingly important oppor- 
tunistic pathogens. Slime production, which allows adherence 
to biomaterials (discussed later), and multiple antibiotic resis- 
tance have been reported with S. intermedius. 


Streptococcus Sp. and Related Cocci 


Streptococci are ubiquitous, suppurative bacteria that may be 
found among normal mucosal flora. Enterococci are oppor- 
tunists and can be found in the intestinal tract of most mam- 
mals. Exotoxins produced by cocci include hemolysins, 
nuclease, protease, and streptokinase. The polysaccharide 
capsules of some strains are antiphagocytic or function as 
adhesions. Streptococcal keratitis is relatively common in 
domestic animals, especially the horse, in which streptococcal 
endophthalmitis may also occur.!!>:!?°-!?3 Most pathogenic 
streptococci produce hemolysins, with the type of hemolysis 
produced varying with the species. Generally, alphahemolytic 
streptococci are the most pathogenic for animals. Streptococci 
may also be grouped serologically by typing of a C-substance, 
which is a group-specific surface carbohydrate. Streptococci 
with C-substance are typed and referred to as Lancefield 
groups. Groups C and D (now Enterococcus sp.) are fre- 
quently encountered ocular isolates. S. equi and S. zooepi- 
demicus are in the Lancefield C group. 


Corynebacterium Sp. and Rhodococcus Sp. 


Corynebacteria sp. and Rhodococcus sp. may be found as 
flora of normal skin and mucosal surfaces. These bacterial 
organisms grow in the intestine and, following fecal dissemi- 
nation, propagate in soil. With tissue invasion, these organ- 
isms are pyogenic and may cause a variety of suppurative 
conditions. Virulence factors include production of 
hemolysin, phospholipase, and cholesterol oxidase. 
Corynebacteria sp. have been recovered from corneal ulcers 
in domestic animals, usually as mixed infections. In such 


cases, the specific etiologic role of corynebacterial organisms 
is not clear. Following periocular trauma, corynebacteria may 
cause blepharitis, orbital cellulitis, or orbital abscesses, partic- 
ularly in large animal species. 


Bacillus Sp. 


Bacillus sp. are a heterogeneous group of large, spore- 
forming, Gram-positive, rod-shaped organisms that are mostly 
saprophytic, inhabiting soil, water, and vegetation. They are 
either aerobic or facultatively anaerobic. B. anthracis is the 
major animal pathogen in the genus, causing anthrax in both 
animals and humans. B. piliformis causes Tyzzer’s disease in 
mice and foals. B. cereus may produce both enzymes and tox- 
ins and has been associated with severe endophthalmitis fol- 
lowing penetrating trauma in humans.'*4 B. subtilis produces a 
weak hemolysin and protease, but its pathogenic role in eye 
disease is not clear. Bacillus sp. are isolated from corneal 
ulcers in animals, but they are not believed to play a major 
pathogenic role because other, more pathogenic organisms are 
usually present as a coinfection. 


Actinomycetes 


Actinomycetes comprise a heterologous group of procaryotes 
that can form Gram-positive, branching filaments less than 1 
um in diameter. Actinomycetes of greatest interest are Actino- 
myces sp., Nocardia sp., and Streptomyces sp. Actinomyces 
sp., which are commonly present on the mucous membranes 
of normal animals, and may cause pyogranulomatous disease 
of the head and periocular structures of cattle. Nocardia sp. 
and Streptomyces sp. are soil microorganisms. Nocardia Sp., 
though essentially saprophytic, may cause suppurative and 
pyogranulomatous lesions, particularly in immunosuppressed 
hosts. The cell walls of Nocardia organisms prevent effective 
phagocytosis. Streptomyces are prolific producers of antimi- 
crobial substances and have been commonly isolated from 
normal equine conjunctiva. !5 


Gram-Negative Bacteria 

Pseudomonas Sp. 

Pseudomonas sp. are Gram-negative rods widely distributed 
in nature, including in soil and water, as saprophytic bacteria. 
These organisms are also found on the skin and mucous mem- 
branes of animals and are occasionally isolated as inhabitants 


of the normal intestinal tract. F aeruginosa is frequently 
isolated in cases of severe keratitis and is well known for its 
ability to cause rapid and*progressive VESEY! of corneal 
tissues in a variety of vertebrate species. !!%11812-127 Regard- 
Jess of the species, abraded corneas are particularly suscepti- 
ble to the devastating effects of P. aeruginosa infection. In 
companion animals, pseudomonas keratitis is a serious and 
relatively common disease; it can also be particularly devas- 
tating to the large, slow-healing equine cornea. 

Pathogenic factors associated with Pseudomonas sp. that 
contribute to invasiveness and tissue destruction include pro- 
teases, exotoxins, and hemolysins.'**'° Pyocyanin, which is 
a pigment produced by P. aeruginosa, may contribute to tissue 
damage by inhibiting cellular oxygen uptake. On microscopic 
examination of smears collected from corneal lesions, 
Pseudomonas sp. are morphologically indistinguishable from 
other Gram-negative bacilli, though the bacteria tend to be 
slightly larger. Antibiotic susceptibility testing is especially 
important with P. aeruginosa isolates, because multiple-drug 
resistance associated with R factors is not uncommon.!”° 
Additional virulence factors of P. aeruginosa are discussed 


later. 


Moraxella Sp. 


Moraxella sp. were originally discovered as a human ocular 
pathogen. M. bovis is the primary cause of infectious bovine 
keratoconjunctivitis (IBK, or bovine “pink eye”) and is of 
great economic importance to cattle producers. Moraxella sp. 
have also been reported to cause ocular infections of small 
ruminants and the horse.!3'"!%3 

The Moraxella organism is a relatively large, plump, 
Gram-negative coccobacillus. Multiple factors affect the path- 
ogenicity of M. bovis, including exposure to ultraviolet light, 
environmental irritants, concurrent infections, and the genetic, 
nutritional, and immune status of the host. Nonpiliated, non- 
pathogenic forms can exist in a carrier state in the host; carrier 
animals are asymptomatic but shed the organism. M. bovis 
may harbor in nasal, ocular, or vaginal secretions, and it may 
be transmitted by direct contact, aerosol, and fomites. The 
face fly, Musca autumnalis, is the primary mechanical vector 
for IBK. Certain stimuli (e.g., ultraviolet light) can cause 
direct conversion of nonhemolytic, nonpiliated organisms to 
pathogenic forms in carrier animals; a rapid, logarithmic 
growth phase of the organism accompanies this transforma- 
tion. Additional discussion of virulence factors of M. bovis is 
presented later. 


Other Glucose-Nonfermenting, Gram-Negative Bacteria 


Other Gram-negative organisms commonly isolated from ani- 
mals include those of the genera Neisseria, Branhamella, and 
Acinetobacter. !!>13+135 Mucous membranes of mammals are a 
natural habitat for Neisseria sp. Pathogenic Neisseria sp., 
however, may colonize mucosal surfaces, including the con- 
junctiva, and in human patients, colonization may extend onto 
the cornea. Neisseria sp. are Gram-negative cocci from 0.6 to 
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1.0 um in diameter. They typically grow in pairs with adjacent 
ends flattened, thus forming a kidney-bean shape. Clusters of 
organisms are occasionally seen. On scraped specimens, Neis- 
seria sp. are often seen on the surface of the epithelial cells or 
within leukocytes. Surface components of the Neisseria bac- 
terium are thought to play a critical role in its pathogenicity. 
The presence of pili or capsules gives Neisseria sp. enhanced 
ability to adhere to host cells and renders the organism rela- 
tively resistant to phagocytosis. Neisseria organisms produce 
oxidase and autolytic enzymes. On autolysis, endotoxin is lib- 
erated and, in turn, is responsible for hemorrhages on mucous 
membranes. An immunoglobulin A protease is also found in 
pathogenic strains. Prevalence of penicillinase-producing 
organisms is increasing, and these resistant organisms may be 
virulent for the eye. 

Branhamella ovis is a Gram-negative diplococcus similar 
to Moraxella sp. This agent has been cultured from normal 
eyes of small ruminants and from eyes of sheep and goats with 
keratoconjunctivitis. B. ovis may occur as a coinfection with 
chlamydial or mycoplasmal conjunctivitis, and it may compli- 
cate the ocular disease, thereby causing more serious lesions, 
such as corneal ulceration.'*° Other causes of bacterial eye 
infections in domestic ruminants include Acinetobacter sp. 
and B. catarrhalis. Acinetobacter sp. have been isolated from 
cases of equine infectious keratitis, in which it was considered 
to be a significant pathogen. ! 13120, 


Enteric Bacteria 


Enteric bacteria are a diverse group of Gram-negative bacteria 
found in the normal intestinal tract as well as in soil, sewage, 
and as plant pathogens. These organisms are commonly 
referred to as coliform bacteria, and they include the genera 
Escherichia, Citrobacter, Salmonella, Shigella, Klebsiella, 
Enterobacteria, Serratia, Proteus, and Yersinia. Most of these 
organisms are opportunistic invaders of the eye and exhibit 
greatest pathogenicity when host defenses are reduced or 
there is tissue damage. Organisms from these genera have also 
been recovered from humans with keratitis, blepharitis, con- 
junctivitis, dacryocystitis, orbital infections, and endoph- 
thalmitis, and from animals with a variety of ocular 
diseases, !!3:117.118.137 

In their outer cell membranes, enteric bacteria produce 
lipopolysaccharides, which are potent endotoxins and impor- 
tant factors in their pathogenicity. Endotoxins released when 
the bacteria die and lyse have been associated with production 
of immune ring infiltrates in Gram-negative corneal infections 
in humans. Escherichia coli and Serratia sp. endotoxins and 
proteases have been shown experimentally to induce inflam- 
matory infiltrates and corneal necrosis.!*7 


Haemophilus Sp. 


Haemophilus sp. require factors from blood for growth, hence 
the derivation of its name. Haemophilus sp. can be normal 
flora of the oral cavity and nasopharynx but have also been a 
primary etiologic agent for acute mucopurulent conjunctivitis 
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in humans. The organisms have little affinity for the avascular 
cornea, and corneal involvement as a complication of con- 
junctivitis is rare. Haemophilus sp. favor an intracellular 
environment and readily parasitize epithelial cells and white 
blood cells. Virulent strains are usually encapsulated; unen- 
‘capsulated strains are often more elongated. Natural patho- 
genicity appears to relate directly to capsule formation, which 
confers resistance to complement-mediated immunity. Other 
surface components, such as lipooligosaccharides, are impor- 
tant in bacteremia and hematogenous spread. The organisms 
produce endotoxin but not exotoxin. 

Ocular lesions of TEME, which is caused by Haemophilus 
somnus, are typically found in the posterior uvea.'** Acute 
septic TEME most commonly occurs in feedlot cattle and may 
cause thromboembolic chorioretinitis, resulting in funduscop- 
ically visible exudates and hemorrhages. When an infected 
animal survives the acute septicemia, the foci of chorioretinal 
exudates may subsequently be noted as areas of necrosis and 
chorioretinal scarring. Retinal detachments may result from 
retinal edema and subretinal exudates, and blindness may 
occur either from ocular lesions or septic thrombosis of brain 
tissues. 


Miscellaneous Ocular Bacterial Pathogens 


Several different genera of aerobic bacteria have been iso- 
lated from animals with infectious conjunctivitis or kerato- 
conjunctivitis. Pasteurella multocida is an important cause 
of conjunctivitis in the rabbit,!°’ in which this eye disease is 
associated with acute or chronic respiratory disease. Infec- 
tions with Pasteurella sp. in calves may cause conjunctivitis 
in addition to rhinitis, pharyngitis, and pneumonia.'*° Other 
bacterial genera associated with eye infections of animals 
are Leptospira sp., Borrelia sp., Brucella sp., and Mycobac- 
terium sp.,'*'-'* primarily causing infectious uveitis. Liste- 
ria monocytogenes causes encephalitis in cattle and may 
also cause ocular signs, including facial paralysis and ptosis, 
that are most often unilateral (on the side of the central 
lesion).!*° L. monocytogenes has also caused ophthalmitis in 
sheep! and has been reported to cause keratitis in one 
horse.'*° 

Nonspore-forming obligate anaerobes constitute a large 
group of Gram-positive and Gram-negative bacteria that exist 
not only in the environment but also as commensals on the 
mucous membranes of animals and humans, particularly in 
the intestinal tract as part of the normal flora. They are nutri- 
tionally demanding and require strict anaerobic conditions for 
isolation. They are most commonly implicated in necrotic and 
suppurative deep-tissue infections, often as mixed infections 
with facultative anaerobic bacteria. In veterinary ophthalmol- 
ogy, Peptostreptococcus sp., Bacteroides sp., and Fusobac- 
terium sp. have been isolated from cases of orbital cellulitis or 
orbital abscess in animals.'*” Clostridium sp. can cause or 
contribute significantly to deep soft-tissue infections. Occa- 
sionally, clostridial organisms have been isolated from 
infected animal corneas, usually as a component of mixed 


infections. The role of clostridial organisms in ocular surface _ 
disease is presently unclear. 


Mycoplasma Sp. and Chlamydophila Sp. 
Mycoplasma Sp. 


As the smallest prokaryotic cells capable of self-replication, 
the mycoplasmas (mollicutes) are ubiquitous, free-living 
saprophytes and animal pathogens. The collective term pley. 
ropneumonialike organisms has been used as another designa- 
tion for mycoplasmas. Both pathogens and nonpathogens are 
found on the mucous membranes. Outside the host, patho- 
genic species may survive for a few days in microenviron- 
ments protected from sunlight. Mycoplasmas lack a true cell 
wall; instead, they are enclosed in a plasma membrane com- 
posed of protein, glycoprotein, glycolipid, and phospholipid, 
This accounts for their plasticity and pleomorphism, including 
cocci, spiral, filament, and ringlike structures. Mycoplasmas 
have Gram-negative plasma membranes, but they stain poorly 
with Gram-stain. Giemsa and other Romanowsky stains pro- 
duce better results. Fragility, pleomorphism, and weak stain- 
ing make direct examination of stained smears of limited 
value in making the diagnosis. 

Pathogenic mycoplasmas adhere to host mucous mem- 
branes, where they remain extracellular, producing 
hemolysins, proteases, nucleases, and other toxic factors. 
Latency can occur, and various stresses may predispose an 
animal to mycoplasmal infections, which may be low-grade 
and chronic. Mycoplasmas tend to be relatively host-specific. 
Domestic species affected with mycoplasmal eye disease 
include the cat and ruminants. Mycoplasmal eye infections 
are characterized by serous discharge and conjunctival hyper- 
emia. Numerous Mycoplasma sp., including M. felis, M. 
gatea, M. arginini, and Acholeplasma laidlawii have been 
recovered from the eyes of cats.!“ It remains controversial, 
however, to what extent mycoplasmas are pathogenic to cats. 
Results of numerous studies confirm that mycoplasmal organ- 
isms can be recovered from the conjunctival sac of clinically 
normal cats.!48-!>° Furthermore, attempts to induce disease by 
inoculating cats with different mycoplasmal strains have 
failed to produce disease. Conversely, inoculating 6- to 10- 
week-old kittens with the M. felis strain has been reported to 
cause clinical signs.'*! That M. felis is a conjunctival pathogen 
is supported by observations that this organism is recovered at 
a higher frequency from ill versus clinically normal cats.! A 
review of feline studies leads to the conclusion that M. gatea 
is part of the normal flora of domestic cats but that M. felis 
can, under certain conditions, induce conjunctival inflamma- 
tion. On the basis of available data, it is difficult to attribute a 
major role to any Mycoplasma sp. in the pathogenesis of natu- 
rally occurring feline conjunctivitis. 

In sheep, M. conjunctivae and M. agalactiae are important 
causes of conjunctivitis. 0!515 In goats, M. agalactiae 
causes systemic disease affecting the eyes, joints, mammaly 
glands, or gravid uteri. Also in goats, M. mycoides subsp. 


causes septicemia, mastitis, arthritis, uveitis, and 
keratoconjunctivitis, including perilimbal corneal opacities." 
Eye lesions may occur in-goats without systemic signs. M. 
bovoculi and Ureaplasma sp. have been isolated from the eyes 
of cattle affected with contagious conjunctivitis. M. bovis, 
M. laidlawii, and M. bovirhinis have also been associated with 
bovine conjunctivitis, but they have been less commonly 
reported. Keratitis is uncommonly associated with pure 
mycoplasmal infections; however, M. bovoculi will enhance 
the pathogenicity of M. bovis to the point that the combined 
infection results in extensive corneal lesions.'°° Bovine 
mycoplasmal conjunctivitis tends to occur seasonally (in the 
summer months) and is usually mild and self-limiting. 


mycoides 


Chlamydophila Sp. 
Members of the genus Chlamydophila are obligate intracellu- 
lar organisms that possess a cell wall similar to those of other 
Gram-negative bacteria. They have a unique developmental 
cycle, with two morphologically distinct forms: infectious 
(i.e., elementary bodies) and reproductive (1.e., reticulate bod- 
ies). Elementary bodies are small (200-300 nm), extracellular 
forms of the organism that enter the cell by endocytosis. After 
cell entry, they differentiate into larger, noninfectious but 
metabolically active, reticulate bodies. The reticulate bodies 
multiply through binary fission and, at approximately 20 
hours following infection, begin to mature within the mem- 
brane-bound inclusion to form new elementary bodies. 
Release of infectious elementary bodies generally begins at 
approximately 40 hours after infection and results in cell lysis. 
Chlamydophila sp. were previously identified as Chlamy- 
dia sp.'*’ Currently identified members of the Chlamydophila 
genus include the following: Chlamydophila psittaci, 
Chlamydophila felis, Chlamydophila abortus, Chlamydophila 
caviae, Chlamydophila pecorum, Chlamydophila pneumo- 
niae, and Chlamydophila trachomatous. C. pscittaci, C. felis, 


—~ C. abortus, and C. caviae were all previously grouped as 


Chlamydia psittaci, an organism that gained widespread 
recognition as a pathogen causing a variety of zoonotic dis- 
eases in vertebrates and invertebrates. C. felis is a highly con- 
tagious disease of cats and spreads rapidly by direct contact. It 
is most commonly found in multiple cat households, catteries, 
or shelters.'°8:!5? Major systemic clinical signs are typically 
limited to the respiratory tract and the eyes. The primary ocu- 
lar manifestation is conjunctivitis. Organisms are shed in tears 
and nasal secretions and may persist in the ocular tissues for 
several months following remission of ocular signs. Initial 
chemosis followed by suppurative conjunctivitis is typical of 
feline chlamydial ocular infections. Petechial hemorrhages 
may occur, and conjunctival lymphoid follicles may develop 
with chronicity. 

Experimental infection with C. pscittaci (C. felis) was 
characterized by the onset of unilateral conjunctivitis within 5 
to 10 days of exposure. Blepharospasm, chemosis, and vascu- 
lar congestion were the initial clinical signs. Serous ocular 
discharge became mucoid or mucopurulent within 3 to 5 days. 
All cats subsequently became bilaterally affected, and the 
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clinical signs persisted for 22 to 25 days. Histologically, 
chlamydial conjunctivitis is initially characterized by a neu- 
trophilic infiltrate (day 7), with macrophages, lymphocytes, 
and plasma cells becoming progressively more numerous 
between days 10 and 21,19?! 

The exact prevalence of chlamydophila infection in the cat 
is not known. In one report,!*! cats on 45% of sheep farms in 
Great Britain had serologic evidence of exposure, and in sev- 
eral studies,'®'!© the organism was recovered from the eyes 
of approximately 30% of cats with conjunctivitis. In other 
studies,'®*:! the seroprevalence of Chlamydophila sp. in the 
cat has been reported to be from 5.0% to 12.7%. Recovery 
from chlamydophila infection can result in persistent infec- 
tions. Experimental ocular exposure has resulted in conjuncti- 
val shedding for up to 8 months!®; chronic shedding of 
organisms from the urogenital and gastrointestinal tracts has 
also been documented. The site of persistence has not been 
unequivocally determined, but chlamydial organisms have 
been identified in the gastric mucosa of the cat.!°° 

In sheep, C. psittaci was previously associated with con- 
junctivitis, keratitis, polyarthritis, pneumonia, orchitis, epi- 
didymitis, and abortion.'®’ Certainly, the diseases in many of 
the reports may have been caused by what is now known as C. 
abortus.'®*:' Persistent, inapparent infection with intermit- 
tent shedding is common among ovine chlamydial diseases. 
The elementary bodies are relatively resistant and may remain 
viable for several days. Conjunctivitis and keratoconjunctivi- 
tis associated with Chlamydophila sp. in swine have also been 
reported,!”° 

In general, Chlamydia sp. are considered to have a 
restricted host range; however, there are several documented 
cases involving transmission of C. felis from cats to 
humans.!”!-!73 Tn addition, apparent transmission of Chlamy- 
dia sp. from a macaw to a cat has been reported.!”* Psittacosis 
transmitted from birds to humans is a well-recognized 
zoonosis.!”° 


Pathogenic Mechanisms of Bacterial Disease 
Adhesion Phenomena and Virulence Factors 


The “infectivity” of a microorganism is greatly influenced by 
its ability to initiate the infectious process. Bacterial adhesion 
to epithelial cells is recognized as a critical initial stage in the 
colonization of mucosal surfaces and in the pathogenesis of 
ocular infections.!’° Adhesins (i.e., protein determinants of 
adherence) have been identified for most bacterial pathogens 
and been shown to function in vivo.'77:'’8 Some adhesins are 
expressed in bacterial pili.!” 

Host cell receptors that form linkages with bacterial 
adhesins have been identified as carbohydrates or carbohy- 
drate moieties of cell membrane glycoproteins.!*° Sialic acid 
is reported to be a receptor molecule for bacterial adhesin.'*! 
Basal and migrating corneal epithelial cells have different cell 
membrane sugars than superficial cells,!8 thus accounting for 
the differences in susceptibility of adherence by organisms to 
these cells. Cell adhesion phenomena have been studied 
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extensively for two bacterial genera, Pseudomonas'*!7-!85 
and Moraxella, each of which has considerable significance in 
veterinary ophthalmology: 

The capacity of an organism to cause tissue inflammation 
and destruction depends on production of one or more viru- 
lence factors. Virulence factors include proteases, elastases, 
hemolysins, and cytotoxins. Among the bacteria of interest in 
veterinary ophthalmology, P. aeruginosa and M. bovis are, 
again, the organisms most extensively studied for virulence 
traits. Adhesive phenomena and virulence factors of these two 
bacterial species are reviewed here. 


Pathogenic Mechanisms of Pseudomonas aeruginosa 


Pseudomonas aeruginosa is generally recognized as the most 
virulent corneal pathogen. It adheres more readily to corneal 
epithelial cells than do most other bacterial species.!*4 
Corneal destruction by Pseudomonas sp. is attributed to a 
variety of enzymes, endotoxins, and exotoxins; however, 
adherence of the organism to the epithelial surface is the nec- 
essary first step in pathogenesis of pseudomonas keratitis. 
Pseudomonas organisms adhere poorly to intact epithelium or 
bare stroma, but they adhere readily to injured epithelium at 
the edge of an epithelial defect. Therefore, trauma is a neces- 
sary prerequisite for bacterial adherence and subsequent 
corneal infection. 

As mentioned, Pseudomonas sp. adhere poorly to bare 
corneal stroma. Pseudomonas organisms reach the corneal 
stroma by a process of adherence to epithelium, penetration of 
the epithelial cell, and transcellular migration. The interaction 
between P. aeruginosa and corneal epithelium was studied in 
a rabbit model during the first hour after inoculation with both 
scanning- and transmission-electron microscopy.!”? The initi- 
ating events in Pseudomonas corneal ulceration in the rabbit 
model involved adherence of organisms to damaged or 
exposed basal epithelial cells by an interaction between bacte- 
rial and cellular membranes, which required 15 to 30 minutes 
to occur. After 30 minutes, the organisms were engulfed by 
the epithelial cell and reached the corneal stroma through 
transcellular migration. 

Several human corneal epithelial glycosylated proteins 
studied in vitro provide receptor sites for P. aeruginosa pili 
binding; the binding of pili to these proteins is specific, com- 
petitive, and saturable.'” Several single proteins have been 
confirmed, and all are characterized as glycoproteins, with the 
sugar mannose being identified as an important component of 
the human corneal receptors for P. aeruginosa. It is possible 
that adherent bacteria might secrete proteases to create open- 
ings in cells, thus exposing intracellular proteins (i.e., cytoker- 
atins) that enhance pathogenesis by further bacterial 
adherence and colonization of the host tissue.!”? 

P. aeruginosa produces several proteases and toxins that 
damage tissue and interfere with host defense systems.!*° 
Proteases are required for virulence because of their contribu- 
tion to establishing infection and affecting the course of 
corneal healing, primarily through degradation of the base- 
ment membranes and extracellular matrix. Exotoxin A, 


which is lethal to corneal cells, is also required along with a 
protease to establish infection. Exoenzyme S, which is 
another secreted toxin, appears to contribute to tissue damage 
and dissemination of the organism. Exoproducts contribute 
directly to keratitis through toxic effects on corneal cells ang 
degradation of corneal proteins and indirectly through activa. 
tion of corneal proteases.!*° 

P. aeruginosa produces at least two major matrix metallo- 
proteinases, which are designated elastase and alkaline pro- 
tease.!85186 Both have been reported to attack the helical 
structure of native type I collagen very slowly, whereas elas- 
tase has also been reported to degrade native type HI and type 
IV collagen more rapidly, generating specific fragments,!87 
Both have been reported to degrade rabbit corneal proteogly- 
cans both in vitro and in vivo.'**"! These enzymes play a role 
in the ulcerative process of Pseudomonas keratitis in rabbit 
models as well. 188-191 


Pathogenic Mechanisms of Moraxella bovis 


The importance of pili adhesions has been recognized in the 
pathogenesis of Moraxella bovis.!?™"* Experimental inocula- 
tion of piliate M. bovis organisms into the eyes of calves 
caused persistent infection and clinical disease, whereas inoc- 
ulation of nonpiliate M. bovis did not.!°? In studies of the 
interaction between M. bovis and bovine corneal epithelium, 
piliated bacteria attaching to undamaged superficial cells 
tended to adhere to dark cells.!°* Dark cells have been charac- 
terized as older, hypermature epithelial cells with smaller, 
more densely packed microvilli.” The pili elaborated by M. 
bovis are filamentous homopolymers of pili protein sub- 
units.'"* Two distinct types of pili, designated I and Q, have 
been identified and purified from M. bovis, and the Q-pili have 
been cloned.'**!°° In vivo pilin gene rearrangement and pilin- 
type switching have been evaluated by DNA hybridization 
and immunoblot assay. Q-pili are specific for colonization of 
bovine corneal epithelium, whereas I-pili enable maintenance 
of an established infection.” 

The presence of pili alone is insufficient to cause disease 
following infection with M. bovis.'° The betahemolysin of M. 
bovis is also required. Evidence suggests the hemolysin is an 
enzyme that correlates with cytotoxicity for bovine leukocytes 
and corneal epithelial cells in vitro.'!°? The hemolysin of M. 
bovis is a transmembrane, pore-forming, calcium-dependent, 
heat-labile protein that is produced in culture during logarith- 
mic phase growth. A stable cytolysin, which is released as 
an exotoxin from M. bovis during early logarithmic phase 
growth, has been recently demonstrated as well.?”! 

A positive in vivo correlation between levels of hemolytic 
and cytotoxic activity with the progressive stages of calf- 
corneal epithelial cell damage has been demonstrated, but the 
investigators were unable to purify the hemolysin as a single 
protein.2 Previous evidence suggests the hemolytic activity 
is associated with outer membrane-bound vesicles released 
by M. bovis during the logarithmic growth phase.!” A 
cytolysin of M. bovis has been partially characterized.” The 
results reported by Beard and Moore??? support the possibility 
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that hemolytic and cytolytic activities are attributable to the 
same effector molecule; their findings substantiate the impor- 
rance of hemolysin in the pathogenesis of M. bovis-induced 
disease, possibly causing clinical signs either directly as a 
result of damage to ocular cells or indirectly through lysis of 
leukocytes attracted to the affected site. This latter effect 
would result in delayed corneal healing and might contribute 
to corneal damage through release of endogenous enzymes, 
which could then act on corneal substrates.2°3 A cell detach- 


ment factor produced by M. bovis has also been identified and 
characterized. 


Diagnostic Bacteriology 


The laboratory bacteriologic workup includes preparing and 
examining microscopic Gram-, Giemsa-, or Wright-stained 
slides and inoculating culture media for isolation and subse- 
quent organism identification. Results of cultures are more 
sensitive than cytology results, but examination of stained 
slides may give immediate information about the causative 
organism, thus allowing prompt, focused therapy. Because 
polymicrobial eye infections are common among animals, 
culture, speciation, and susceptibility testing may be essential 
to the successful management of ocular infections. 


Source of 
Sample 


Clinical 


History Pathogen 


e e 


Selection and inoculation of primary media 


Study of colonial morphology on media, and cellular 
morphology from Gram-stained smears from selected 


colonies 


Suspected 
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Specimen Collection 


Techniques of collecting specimens for cytology and culture 
rely on scrapings, swabs, or aspirates of affected tissue. Scrap- 
ings using a Kimura spatula, Beaver blade, or Bard-Parker 
blade are best for cytology, and these scrapings may also be 
used for direct cultures. Calcium alginate swabs moistened 
with trypticase soy broth will yield higher retrieval rates than 
scrapings from infected corneas. Dacron/rayon swabs soaked 
in thioglycolate broth are equally effective. Cotton is less 
desirable, however, because of the absorption of sample mate- 
rial by the cotton fibers. Scrapings are generally effective in 
retrieving filamentous organisms. 

Procedures followed in processing diagnostic bacteriologic 
specimens depend largely on the disease and the organisms 
suspected. Therefore, an appropriate patient history, with sug- 
gestion by the clinician as to the most likely diseases, is quite 
important. Steps generally followed in the examination of 
specimens for bacterial analysis, including direct microscopic 
examination of the specimen, are outlined in Figure 6.2. 


Direct Examination 


In ophthalmic cases, materials submitted for examination 
include swabs, scrapings, or aspirates.’°-° Examination of 


Figure 6.2. Examination of 
specimens for bacterial analysis. 
(Modified with permission from 
Carter GR, Wise Du. Outline of pro- 
cedures for the bacteriologic and 
mycologic examination of clinical 
specimens. In: Carter GR, Chen- 
gappa MM, Roberts AW, eds. 
Essentials of Veterinary Microbiol- 
ogy. 6th ed. Ames: lowa State Press, 
2004:95.) 


Direct 
Examination 


Initiation of pure cultures on solid media or in broth 


Study of Gram stains from slants or plates; 


catalase test, oxidase test, etc. 


| 


Selection and inoculation of different media 


Incubation-Antimicrobial susceptibility tests 


| 


Reading differential tests; serological testing if needed 


| 


Final identification of the organism(s) 
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submitted materials following staining of smears or wet-mount 
preparations should be routinely performed as an initial screen 
for pathogenic agents. Specific examination procedures (e.g., 
differential stains) will vary with the disease and the suspected 
causative agents. Findings from direct examination may aid in 
the selection of appropriate culture media. Fluorescent anti- 
body procedures, when available, may also be performed on 
smears of fluids, tissues, or exudates. 


Isolation and Identification Procedures 


Figure 6.2 reflects a routine approach in processing specimens 
for bacterial identification. Information from responses to 
those items listed at the top of the flow chart essentially deter- 
mine which primary media will be selected. In some cases, a 
strong presumptive diagnosis can be made on the basis of a 
direct examination. For example, if Gram-negative bacteria 
are found, the results of triple sugar-iron-agar slants (i.e., step 
3) may be particularly useful. A fluorescent antibody proce- 
dure may also be used to identify some organisms from clini- 
cal materials. 

Patient history, species, tissue involved, Gram-stain reac- 
tion, and microscopic morphology may suggest the most 
probable genus or family of the organism in question. With 
this knowledge, certain differential tests can be performed to 
confirm the genera and eventually to establish the species 
identification. Flow charts addressing the differential charac- 
teristics of organisms with veterinary significance are avail- 
able (see Fig. 6.2).7!° 


Diagnosis of Infections with Mycoplasma Sp. and 
Chlamydophila Sp. 


In suspected cases of mycoplasmal ocular disease, eyes 
should be cultured and moistened swabs transported using 
sterile modified Hayflick broth. Specimens must be kept 
refrigerated and be delivered to a laboratory within 24 to 48 
hours of collection. Mycoplasmas are fastidious and require 
specific growth factors, with the quality of growth media 
needing to be equal to that used for tissue culture. Most are 
anaerobic or microaerophiles and, when grown on agar media, 
typically form fried egg-shaped microcolonies. 

The diagnosis of Chlamydophila infection is made on the 
basis of cytologic evaluation of stained conjunctival scrapings 
from acutely infected animals. Gram-negative, basophilic 
(i.e., Wright or Giemsa stains), intracytoplasmic inclusions 
within conjunctival epithelial cells are diagnostic of infection 
with Chlamydophila sp. Because inclusions may be seen in 
fewer than 50% of affected animals, however, positive cul- 
tures or immunologic staining of conjunctival scrapings and 
serologic testing are additional diagnostic methods. Serologic 
tests primarily detect antibodies directed against the common, 
genus-specific antigen (i.e., lipopolysaccharide). Chlamy- 
dophila organisms can be cultured from conjunctival scrap- 
ings as well as from the blood of affected animals. 


Molecular Biologic Techniques to Diagnose 
Chlamydophila Disease 


Because many of the genes in Chlamydiphila sp. are highly 
conserved,”!' it is possible to detect many species with one set 
of primers. The detection of Chlamydophila sp., formerly 
known as Chlamydia psittaci, by targeting sequences of the 
ompA (i.e., outer membrane protein) gene has been 
described.7!*7!3 


Susceptibility Testing 

Agar-Disk-Diffusion Test (Kirby-Bauer Test) 

On the basis of human pathogens and human standards, the 
agar-disk-diffusion test measures the inhibition of bacterial 
growth against a concentration of antimicrobial agent that dif- 
fuses from an impregnated paper disk placed on agar.”!4 Zone 
size can be directly correlated with minimal inhibitory con- 
centration (MIC); in other words, the larger the zone size, the 
lower the MIC. Limitations of this test include inoculation 
variables and interpretation of zone sizes. Inoculation vari- 
ables include depth of agar, incubation time, and preparation 
(1.e., contents) of the agar. Because antibiotics diffuse at dif- 
ferent rates throughout the agar, published standards must be 
used to interpret the sensitivities. 


MIC Determination 


This test measures the MIC of an antimicrobial agent (in 

g/mL)for each isolate. Advantages of using the MIC are that 
more antibiotics can usually be tested and that susceptibility 
and resistance versus drug concentration can be directly corre- 
lated. This pharmacokinetic information is used to relate 
dosages to achievable serum drug concentrations. Determina- 
tion of resistance versus susceptibility via the MIC is consid- 
ered to be a better predictor than the agar-disk-diffusion test of 
clinical outcome.'”° 


Limitations of Susceptibility Testing 


Susceptibility testing does not usually test for antibiotic com- 
binations, and potentially synergistic combinations may be 
missed. Trimethoprim-sulfonamides and amoxicillin-clavu- 
lanate are notable exceptions; their respective synergies are 
widely recognized. Sensitivity tests assume equal plasma and 
tissue concentrations and underestimate the activity for topi- 
cal treatments. In addition, sensitivity tests do not reflect local 
factors, such as normal or reflex secretions, exudates, or local 
oxygen tensions, that may affect antimicrobial activity. 


Bartonella and Rickettsia 
Bartonella Sp. 


Bartonella sp. are Gram-negative bacteria belonging to the 
Bartonellaceae family. There are approximately 20 members 
of the Bartonella genus. Bartonella heneselae is the most fre- 
quently reported of the Bartonella sp. to infect cats and is the 
most widely published species in veterinary literature. Other 


es Ti infect cats with less frequenc 
Bartonella sp. reported to 1n aang 


include B. clarridgeiae, B. koehlerae, and B. quintana.? 
Pathogenic Mechanisms 
Bartonella sp. are transmitted by arthropods, and the primary 
vector for Bartonella henselae in cats is the cat flea (Cteno- 
cephalides felis)?'°° Though cats can be experimentally 
inoculated with Bartonella henselae, transmission among cats 
does not occur in an environment free of fleas.22!:222 Bar- 
fonella sp. are intracellular bacteria. Infection is suspected to 
be primarily of red blood cells, but infection of vascular 
endothelium is also reported.” 

Naturally occurring B. henselae infection is mild and tran- 


sient, and clinical findings may include pyrexia, lymphadenopa- 


develop nephritis, myocarditis, and hepatitis. 44 Additionally, 
a case of fatal myocarditis associated with natural B. henselae 
infection has been reported.””? 
Ocular 
The primary ocular clinical sign reported to be associated with 
Bartonella hensela infection is uveitis.”® Intraocular specific 
IgG production with C value greater than 1 was documented 
in 7 of 49 cats with naturally occurring uveitis and in 4 of 9 
cats experimentally infected with B. henselae, whereas 0 of 49 
apparently healthy cats had local specific IgG production.”! It 
should be noted, however, that C values higher than 8 would 
be considered a more rigid criteria for the determination of 
local antibody production. The same study documented the 
presence of Bartonella DNA in aqueous humor in 3 of 24 cats 
with uveitis, 4 of 9 experimentally infected cats, and 1 of 49 
apparently healthy cats. Recently, a dog with anterior uveitis 
and lesions of the tapetal fundus concurrent with fever was 
(1:512) to Bartonella vinsonii. Attempts to identify the bac- 
terium from aqueous humor using PCR were unsuccessful. 
The patient did, however, improve with azithromycin.”*? 
Diagnostic tests available for bartonellosis include serol- 
ogy, blood culture, and PCR. Antibody titers of greater than 
1:256 may correlate well with blood cultures, but reports of 
low predictive value of these tests make them less desirable. 
Blood culture is considered to be the most accurate means of 
assessing and identifying infected patients and is most widely 
used. Samples should be collected into EDTA and frozen for 
immediate transport to the laboratory. PCR has been 
described for Bartonella henselae and offers more rapid turn- 
around time than blood culture.”” 


Rickettsia Sp. 


Kickettsia sp. consist of minute, obligate intracellular bacteria 
that are transmitted by ticks. They are rod-shaped or coc- 
cobacilli, and they vary from 0.3 to 0.6 ym in length. Rick- 
ettsiae contain both RNA and DNA, and they replicate through 
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binary fission, primarily within the vascular endothelium or 
perivascular cells. They are nonmotile and aerobic. Of the 
many species of Rickettsia identified in animals, ocular disease 
has most commonly been associated with infections by R. rick- 
ettsii and Ehrlichia canis.>*4>5> Anaplasma platys (formerly 
Ehrlichia platys) has been reported as a cause of canine uveitis 
as well,” 

R. rickettsii causes an acute, febrile illness in dogs and 
humans, which is referred to as Rocky Mountain spotted fever 
(RMSF). Tick vectors, Dermacentor variabilis and D. ander- 
soni, may become infected horizontally during feeding on 
infected mammals or following transstadial replication within 
the tick midgut and transovarial transmission between genera- 
tions of ticks. After several hours of attachment to the host, the 
tick vector may infect the new host into which the organisms 
invade and replicate within the vascular endothelia of the 
small blood vessels. 

Infection with R. rickettsii produces a multifocal vasculitis, 
thereby setting into motion a complex cascade of pathophysi- 
ologic events, including platelet activation, complement- and 
coagulation-system activation, chemotaxis, and vascular 
necrosis with extravasation of serum and blood. Perivasculitis 
subsequently develops, with infiltration of granulocytic and 
mononuclear inflammatory cells. RMSF may cause fever, skin 
and mucosal hemorrhages, and in some cases, neurologic 
signs. Multiple organ failure may result in acute death among 
severe cases. The pathogenesis of the ocular disease in RMSF 
relates directly to the vascular lesions. Altered vascular per- 
meability in the conjunctiva, uvea, and retina result in con- 
junctival hemorrhages, signs of uveitis (i.e., corneal edema, 
iris stromal hemorrhage, miosis, aqueous flare, hyphema), and 
retinal hemorrhages. Unilateral or bilateral optic neuritis also 
occurs. 

E. canis causes canine monocytic ehrlichiosis, which 
results in a spectrum of acute, subclinical, and chronic dis- 
ease. Currently, three strains of the organism are recognized. 
The tick vector is Rhipicephalus sanguineus, which can trans- 
mit the disease more than 5 months after detaching from the 
canine host. This allows ticks to overwinter and infect hosts 
the following spring. The organism replicates in mononuclear 
inflammatory cells, which allow its spread throughout the 
body. Circulating leukocytes are also targeted. As perivascular 
tissues become infected with the E. canis organism, severe 
vasculitis may occur, resulting in bleeding and platelet con- 
sumption. Clusters of intracytoplasmic organisms (i.e., moru- 
lae) may be seen microscopically in blood monocytes. 

Following an incubation period of between 8 and 20 days, 
E. canis may cause acute, subclinical, or chronic disease. Dur- 
ing the acute phase, the parasite enters the bloodstream and 
lymphatics, and it localizes in the mononuclear phagocytic 
cells of the spleen, liver, and lymph nodes, where replication 
occurs. Then, infected mononuclear cells disseminate the 
Rickettsia organisms throughout other organ systems, where 
they induce vascular changes. Ocular disease is associated 
with acute vasculitis, perivasculitis, and thrombocytopenia, 
and it includes conjunctival hyperemia, corneal edema and 
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deep vascularization, aqueous flare, iridal congestion, miosis, 
and fibrinous debris on the anterior lens capsule. Hyphema, 
chorioretinitis, vitreal and retinal hemorrhages, and in some 
cases, optic neuritis have also been noted. As the disease 
becomes chronic, retinal vascular engorgement and compro- 
mise of the blood-retinal barrier may result from hyperpro- 
teinemia and hyperviscosity syndrome. 

The diagnosis of canine ehrlichiosis is made on the basis of 
both clinical and hematologic findings: the presence of moru- 
lae in stained blood smears, bone marrow cytology (i.e., 
hypoplastic bone marrow with plasmacytosis and mastocyto- 
sis), and serology using an IFA test. An ELISA procedure has 
been developed that is both sensitive and specific for detecting 
antibodies. Immunoblot and PCR techniques are recently 
developed diagnostic procedures as well. E. canis can also 
be cultured on a monocyte—macrophage (DH82) continuous 
cell line. 

Anaplasma platys is a small rickettsial parasite that causes 
infectious cyclic thrombocytopenia in dogs. The organism 
infects platelets rather than leukocytes and is a serologically 
distinct ehrlichiae. E. platys enter platelets by endocytosis fol- 
lowing adherence and forming intracellular morulae. A. platys 
incubates for 8 to 15 days, with the highest percentage of 
infected platelets occurring during the initial parasitemic 
episode. During this phase, a precipitous decrease in platelet 
count occurs, and the organism is no longer seen. Repetitive 
cycles of parasitemia and subsequent thrombocytopenia may 
recur initially at 1- to 2-week intervals and then diminish in 
severity and frequency over time. A. platys may be diagnosed 
on the basis of the characteristic blue inclusions in platelets on 
blood smears stained with Giemsa or new methylene blue; 
unfortunately, the value of this method may be limited by the 
presence of very low numbers of parasites. An IFA test to detect 
serum antibodies to A. platys has been developed as well. 

Confirmation of RMSF involves serologic testing, direct 
immunofluorescence staining of skin biopsies, or isolation of 
the organism. Serologic tests that can measure both 
immunoglobulin M and immunoglobulin G are the micro-IFA 
test and the ELISA. Both acute and convalescent titers are 
needed for a definitive diagnosis to be made, with a fourfold 
increase in titer considered to be diagnostic. Serologic diagno- 
sis may be confounded by subclinical infection and a high 
seroprevalence rate in certain endemic areas, as well as by 
cross-reactions from nonpathogenic rickettsial strains. False- 
negative serologic tests may also occur. 


OCULAR MYCOLOGY 


Life Cycle and Taxonomic Classification 


Fungi are eukaryotic organisms that grow as either single-cell 
yeasts or multicellular, filamentous molds. Yeasts are unicel- 
lular, elliptical to spherical, generally 3 to 5 um in diameter, 
and reproduce by budding. Molds are characterized by 
branching tubular filaments (or hyphae) and are generally 2 to 
10 um in diameter. The terms yeast and mold are useful 


designations for fungi; however, these terms are not mutually 
exclusive. Depending on the environment, some species of 
fungi may grow as either yeast or mold forms, and these 
species are described as dimorphic. Interestingly, some fungi 
exhibit multiple forms simultaneously, including budding 
pseudohyphae, and hyphae; therefore, these species are 
described as polymorphic. Environmental temperature, nutri. 
ent factors, and genetic factors determine the type of growth 
observed. 

The reproductive cycle of fungi may be sexual, asexual, or 
both. The sexual form of a fungal organism is referred to as a 
telemorph; the asexual form is referred to as an anamorph, 
The entire fungal replication process, consisting of all known 
reproductive forms, is referred to as a holomorph. In sexual 
reproduction, propagules arise through a process of plas- 
mogamy, which is followed by karyogamy of compatible 
nuclei and subsequent meiosis. The point at which meiosis 
occurs varies among species. In contrast to meiotic reproduc- 
tion, asexual reproduction is characterized by propagules 
formed directly from existing nuclei through mitosis. Via 
asexual reproduction, molds produce aerial fruiting hyphae 
that bear spores, the dispersion of which is chiefly through air 
currents, water, and animals. 

The optimum temperature for growth of fungi is 20° to 
30°C, but pathogenic fungi causing systemic mycoses can tol- 
erate 37°C. Fungal growth is by simple mitosis of somatic 
nuclei and budding or apical extension of the cell wall. Elon- 
gation of buds with persistent attachment of cells in some 
yeasts produces filamentous forms known as pseudohyphae. 
In filamentous fungi, as hyphae grow by apical extension, they 
may intertwine to form a mycelial network or colony. Hyphae 
are often divided at regular intervals by cross-partitions called 
septa, which have one or more small pores that allow for cyto- 
plasmic communication. Chitin is a primary component of the 
cellular structure of many fungi. Chitin is composed of N- 
acetylglucosamine residues linked by glycosidic bonds simi- 
lar to those found in cellulose. Fungal cell wall structures, 
which contain ergosterol, other lipids, and glycoproteins, 
serve as unique targets for antifungal drugs. 

Fungi were previously classified as plants, but they lack 
chlorophyll. Therefore, fungi have been placed in their own 
kingdom. Fungi are nonmotile and most are strictly aerobic. 
Because fungi are nonphotosynthetic, they must obtain nutri- 
tion by secreting enzymes and absorbing the digested sub- 
strate. Medically important fungi have been separated into 
four traditional classes: Basidiomycetes sp., Ascomycetes Sp., 
Zygomycetes sp., and Deuteromycetes sp. (or Fungi Imper- 
fecti). The first three categories have characteristic sexual 
reproductive structures, whereas the imperfect fungi are s0 
named because a sexual stage has not been found, and thus 
these fungi must be more artificially classified by features of 
their asexual reproductive structures. 


Host Response and Pathogenic Mechanisms 


Fungi are commonly recovered from the eyelids and conjunc- 
tiva of normal animals, and they are believed to reflect random 


environmental exposure. Fungi appear not to be permanent 
floral residents of the ocular surface but only transient coloniz- 
ers of the external eye. Filamentous fungi are the.predominate 
fungal isolates reported from the eyes of normal animals. In 
equine studies, fungi most frequently isolated from normal eyes 
include the genera Aspergillus, Alternaria, Penicillium, Fusar- 
ium, Cladosporium, and Absidia.'!°!?57 Some minor differ- 
ences have been noted between results of ocular culture studies 
done on horses in different geographic locations, but fungal iso- 
lates from normal eyes in the different regions have been strik- 
ingly similar. 

Local defenses to fungi are generally quite effective, 
because ocular infection is not common unless anatomic bar- 
riers are compromised. An intact corneal epithelium provides 
excellent resistance to fungal penetration and infection. Nor- 
mal ocular surface flora, normal lacrimal flow, and mechanical 
movements of the eyelids (and third eyelids) create an envi- 
ronment unfavorable to the growth of many opportunistic 
fungi. In addition, because many fungi will not grow at ele- 
vated temperatures, normal body temperature is high enough 
to prevent some from becoming pathogenic. The lower tem- 
perature of the cornea relative to the rest of the body and the 
eye, however, may partially explain the predilection for ker- 
atomycosis as the most common ocular infection with fungi. 
The role of local antibodies and complement in protection 
against ocular fungal infection is unclear. 

A breach of the intact corneal epithelial barrier is usually a 
prerequisite for keratomycosis, and penetrating injuries may 
result in direct inoculation of fungi into the cornea. After 
trauma, colonization of an ocular wound by fungi may occur, 
particularly when corticosteroids have been administered, 
whether alone or in combination with antibacterial agents. 
The clinical observation that topical corticosteroids enhance 
the risk of fungal ocular infections suggests that local immune 
factors may be important in protecting the eye from fungal 
invasion. Local immunosuppression by corticosteroids possi- 
bly results primarily from effects on cellular immune mecha- 
nisms, because immunity to fungal infections is considered to 
be more cell-mediated than antibody-mediated. Systemic or 
topical antibacterial agents alter normal flora and can decrease 
natural microbial barriers as well as encourage colonization 
and growth of fungi. 

The clinical appearance of keratomycosis ranges from ulcer- 
ation to corneal abscessation. The host responds to keratomyco- 
sis by recruitment of a cellular immune response in the cornea. 
Corneal abscesses are usually populated by mixed inflamma- 
tory cells, with a large percentage of neutrophils. Healing of the 
affected avascular cornea is usually assisted by the ingrowth of 
blood vessels from the limbus. This vascularization response 
often appears to be slowed or delayed as it reaches the infected 
area. One in vitro study using fungal isolates from keratomyco- 
sis demonstrated that filtered supernatant of the culture media 
was capable of minimizing differentiation of human umbilical 
vein endothelium in cell culture.” These findings support the 
possibility that certain fungal isolates can prevent or slow 
vascular ingrowth into the cornea as means of self-protection. 
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Many fungal species have been identified in animal ocular 
disease. Among domestic animals, fungal keratitis occurs 
most frequently in the horse. Keratomycosis has also been 
reported in the dog and cat.%?**? Fungal infections of the 
equine cornea are usually attributed to environmentally com- 
mon organisms (i.e., Aspergillus sp., Penicillium sp., Fusar- 
ium sp.), which correlates with results of epidemiologic 
studies showing these fungi are also frequently isolated from 
normal eyes, !5-113,116,120,123.243-246 Recently, four cases of 
equine fungal keratitis were reported in which the organism 
was identified as Cylindrocarpon destructans; this organism 
has been previously unreported in either diseased or normal 
equine eyes.” Topical antibiotic-corticosteroid therapy gen- 
erally may increase fungal colonization of the eyelids and 
conjunctiva and therefore may be a significant predisposing 
factor for oculomycosis. 

Growth characteristics of fungi may result in only superfi- 
cial infection or, when altered by the local tissue environment, 
in the invasion of deep tissues. Descemet’s membrane provides 
a significant barrier to fungal penetration in corneal infection, 
but intraocular extension of keratomycosis is possible. Several 
pathogenic genera, including Candida and Aspergillus, are 
capable of causing both superficial and deep ocular disease. 

The second avenue for fungal invasion of the eye is endoge- 
nous (i.e., via the bloodstream). In humans, intraocular infec- 
tions (i.e., oculomycoses) generally occur during systemic 
immune depression. In animals, by contrast, systemic mycoses 
often occur in otherwise healthy patients living in endemic 
areas. In animals, intraocular fungal disease most often results 
from systemic mycoses contracted through respiratory tract 
exposure. Primary causes of oculomycoses are the dimorphic 
fungi Histoplasma, Blastomyces, and Coccidioides, as well as 
the yeast Cryptococcus, which may cause uveitis, chorioretini- 
tis, endophthalmitis, or optic neuritis in animals. 

Host inflammatory response to oculomycosis is generally 
suppurative in acute cases and pyogranulomatous in chronic 
cases. Host tissues may be damaged directly by inflammatory 
processes (1.e., by elaborating inflammatory mediators and 
oxidative products) or by degradative enzymes produced 
directly by the fungal organisms. One recent report found 
Histoplasma sp. in cytology samples from a white ulcerated 
lesion in a horse; the horse responded favorably to topical anti- 
fungals, suggesting that Histoplasma sp. was not incidental. 


Diagnostic Methods 
Direct Examination 


Fungal infections of the eyelids, conjunctiva, and cornea can 
be identified by scraping surface lesions. Organisms may be 
seen after direct staining of smears from scraped specimens 
and subsequent identification by culture. Deep nonulcerative 
keratitis or intraocular infection requires culture of a biopsy 
specimen (i.e., cornea) or aspirates (i.e., anterior chamber/vit- 
reous). Histopathology of a deep corneal biopsy or enucleated 
specimen allows demonstration of fungal organisms through 
special staining procedures. 
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Direct smears can be examined by various techniques. Cal- 
cofluor white powder is a fluorescent material that binds to 
chitin in fungal cell walls. When excited by light at a wave- 
length of 500 nm, the bound calcofluor fluoresces blue-green. 
A solution of 0.1% calcofluor can be mixed with 10% potas- 
sium hydroxide to result in a rapid, extremely sensitive tech- 
nique, and Gram stain, simple methylene blue, or India ink 
wet preparations are useful as rapid diagnostic procedures to 
identify many yeasts. Histologic sections stained with Giemsa 
stain, periodic acid-Schiff (PAS), or methenamine silver are 
sensitive and result in permanent preparations. Use of special 
stains allows confirmation of fungal infection and differentia- 
tion between yeast and hyphal forms, but specific identifica- 
tion of species may require fungal cultures. Diagnosis of 
fungal keratitis using peroxidase-labeled lectins in an experi- 
mental rabbit model has been described.“ 


Fungal Cultures 


Sabouraud dextrose agar is the medium most commonly used 
for culturing ocular fungi. Enriched media such as brain-heart 
infusion agar with 5% blood is used for dimorphic fungi. 
When incubated at 37°C, mycelial fungal growth may convert 
to the yeast phase of the dimorphic organism. Gentamicin or 
chloramphenicol are useful additions to culture media to sup- 
press bacterial overgrowth, but media should not include 
cycloheximide, which inhibits fungal growth. 

Specimens from external infections of the ocular surface 
should be collected with a spatula and inoculated by streaking 
directly onto culture media. Inoculation streaks provide a 
means of differentiating possible pathogens, which grow in 
the streak areas, from airborne contaminants, which grow in 
the nonstreak areas. Scrapings or biopsy specimens from 
corneal ulcers (i.e., keratomycosis) or aspirates from the ante- 
rior chamber or the vitreous cavity (i.e., oculomycosis) should 
be directly inoculated onto Sabouraud agar, brain-heart infu- 
sion broth medium, and blood agar plates. Incubation should 
be at 24° to 30°C for at least 30 days. Species such as Candida 
and Fusarium will normally grow within 4 days, but as many 
as 25% of fungal isolates may require up to 2 weeks of incu- 
bation. When Histoplasma sp. or Blastomyces sp. are sus- 
pected, cultures must be incubated for at least 4 weeks. 

Definitive identification is often made on the basis of the 
morphologic structure of the organism, including the direct 
microscopic appearance of the fungus in the clinical speci- 
men, the morphology of the colony and type of pigmentation, 
the microscopic appearance of the fruiting heads and spores 
from mold colonies, and the morphology of the yeast and type 
of budding. Biochemical tests can be used for yeasts and, to a 
more limited extent, to identify some molds. Other tests spe- 
cific to the particular fungus, such as the germ-tube test for 
Candida albicans, may be useful. 


Serologic Tests 


A number of serologic tests are available for the diagnosis of 
systemic mycoses,”” 


Complement-Fixation Test 


The complement-fixation (CF) test is used for the diagnosis of 
histoplasmosis, blastomycosis, and coccidioidomycosig 
Cross-reactivity between Histoplasma sp. and Blastomyces 
sp. may occur. CF titers for mycotic agents may be low (eg, 
1:8, 1:16), and nonspecific anticomplementary activity may 
be problematic. Appropriate controls must be used and 
acceptable limits of complement activity established. Titers of 
1:8 or greater are considered to be presumptive evidence of 
histoplasmosis, blastomycosis, and coccidioidomycosis. 
Lower titers (e.g., 1:2, 1:4) may also be important, but a sup- 
plementary gel diffusion precipitation test should be per- 
formed. CF titers may serve as a prognostic aid. When titers 
decrease over a period of several weeks, the prognosis is usu- 
ally good; if titers continue to increase over 8 weeks or longer, 
the prognosis is more guarded. 


Gel Diffusion Precipitin Test 


The gel diffusion precipitin (GDP) test is an immunodiffusion 
test with less cross-reactivity than the CF test. The test is 
based on the reaction in agar gel of specific antibody to fungal 
cell extracts or culture filtrates. In addition to its specificity, it 
is relatively simple to perform. The GDP has been developed 
for blastomycosis, histoplasmosis, coccidioidomycosis, 
aspergillosis, candidiasis, and sporotrichosis. In cases of 
mixed infections, false-negative results may be problematic. 
In addition, the GDP test is not useful in the diagnosis of 
advanced histoplasmosis in the cat. 


Latex Agglutination Test 


The slide latex agglutination (LA) test is rapid, sensitive, and 
specific for the presence of fungal antigen. This test has been 
developed for the diagnosis of cryptococcosis, coccid- 
ioidomycosis, sporotrichosis, candidiasis, and histoplasmosis, 
and it has been used extensively to detect antigen in body flu- 
ids (e.g., cryptococcal antigen in cerebrospinal fluid), The 
course of disease may also be monitored during therapy by 
quantitating the antigen in fluids. 


Fluorescent Antibody Test 


Fluorescein-labeled antibodies may be used to rapidly iden- 
tify fungi in tissues and culture, and this test may also be used 
on fixed specimens. It is particularly useful in the absence of 
culture and when serum is not available. Fluorescein-labeled 
lectins with defined specificity for different sugars also have 
been used to identify fungi in paraffin sections for surgical and 
postmortem specimens. The indirect fluorescent antibody test 
may also be used to detect antibody to fungal agents when 
other procedures are unavailable. 


Tube Agglutination Test 


The tube agglutination test is a sensitive procedure for the diag- 
nosis of sporotrichosis and cryptococcosis using yeast cells as 
antigen. It is used in conjunction with the LA antigen test t0 
quantitate anticryptococcal antibody for prognostic purposes. 


j 
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Fluorescent Immunoassay 


The fluorescent immunoassay is an immunochemical proce- 
dure used to detect antibodies to Candida SP., Histoplasma 
sp., Blastomyces sp., and Coccidioides sp. This procedure 
eliminates the need for titration and subjective determination 
of end points. Cross-reaction between Histoplasma sp. and 
Blastomyces sp. has not been observed, because sensitivity 
permits serum dilutions of 1:75 to dilute cross-reacting anti- 
bodies. This test compares favorably to conventional methods 
in correlating clinical response and predicting relapse of dis- 
ease. 


Susceptibility Testing 


In vitro susceptibility testing of fungi to antifungal drugs has 
been performed by measuring a suitable concentration end 
point (i.e., the MIC) for various antifungal drugs.™5025! The 
MIC is the amount of drug (ug/mL) that inhibits essentially all 
visible growth in treated test wells compared with duplicate, 
untreated test wells. Standardized in vitro susceptibility test 
criteria are not available, though attempts have been made to 
estimate MIC susceptibility versus resistance on the basis of 
correlating clinical responses to antifungal therapy.!?* Clear 
correlations have not yet evolved, however, between antifun- 
gal drug MIC and clinical outcome. 


Polymerase Chain Reaction 


The ease with which PCR diagnostics can be performed, the 
relatively minimal expense of such testing, and the rapidity 
with which results can be delivered make PCR testing for fun- 
gal keratitis desirable. Recent studies demonstrate the ability 
of PCR to accurately detect mycotic keratitis in humans.7>*°3 
These results are encouraging, and it is very tempting to use 
PCR in veterinary patients suspected of having keratomyco- 
sis. However, the high sensitivity of PCR may, in fact, be a 
limiting factor in the applicability of PCR to diagnosis of ker- 
atomycosis in veterinary species. Fungal organisms are often 
part of the commensal flora depending on geography, season, 
and environment; standard PCR cannot distinguish transient 
fungal flora from those that are involved in pathogenesis of 
disease. A recent report using real-time PCR demonstrated 
correlation of quantified PCR results with fungal culture. 
More research is necessary to determine if real-time PCR 
results also correlate with clinical disease.” 


TOXOPLASMA SP. 


Taxonomy, Morphology, and Life Cycle 


Toxoplasmosis is an infection caused by the obligate intracel- 
lular protozoal parasite Toxoplasma gondii. The cat is the only 
known definitive host for the parasite, but intermediate hosts 
include many warm-blooded species. The parasite’s life cycle 
is divided into intestinal (i.e., sexual) and tissue (i.e., asexual) 
phases. The intestinal or coccidian phase is limited entirely to 
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the cat, whereas the tissue phase occurs in both the cat and the 
intermediate hosts. The asexual phase includes formation of 
tachyzoites and bradyzoites. Tachyzoites are crescent-shaped 
(3 X7 um) and represent the pathogenic, propagative form of 
the parasite, which is present during active infectious disease. 
Bradyzoites are comma-shaped (2 x 7 um) and found in 
chronic disease. Bradyzoites replicate slowly and accumulate 
within cysts, which are generally 50 to 200 um in diameter. 

Cats become infected by ingesting bradyzoite cysts from 
the tissues of an infected intermediate host, usually rodents or 
birds. After ingestion, bradyzoites rapidly transform into 
tachyzoites, penetrate the cat’s intestinal mucosa, and undergo 
an enteroepithelial cycle of sexual proliferation that results in 
development and shedding of oocysts. Oocysts detach from 
the intestinal epithelium and are shed in the feces. After pri- 
mary infection, cats can shed millions of fecal oocysts, each of 
which is 11 to 14 um by 9 to 11 um in size and contains four 
sporozoites in two sporocysts. In the external environment, 
the oocyst undergoes sporulation within 1 to 3 days, when it 
then becomes infectious. 


Transmission and Pathogenic Mechanisms 


Cats and intermediate hosts can become infected by ingesting 
bradyzoite cysts or tachyzoites (in meat, unpasteurized milk, 
contaminated water), by ingesting or inhaling oocysts shed in 
feline feces, or by congenital transmission of tachyzoites. 
After ingestion, bradyzoites rapidly transform into tachy- 
zoites, penetrate the intestinal wall, enter the circulatory sys- 
tem, and disperse systemically. Proliferation of tachyzoites 
initiates destruction of host cells before development of an 
immune response (usually 1-2 weeks for humoral and 2—4 
weeks for cellular immunity). In toxoplasmosis, tissue dam- 
age results from both intracellular growth of the organism and 
the host’s immunologic responses. The type and severity of 
disease depends on the number of organisms, strain of T. 
gondii, organs infected, and the immune status and response 
of the host. Congenital transmission of toxoplasmosis occurs 
when an infection is acquired during pregnancy; this means of 
transmission occurs in humans and herbivores but is relatively 
uncommon in carnivores. The fetus or neonate of a dam with 
previous antibodies to Toxoplasma sp. will usually not 
develop congenital toxoplasmosis. When the nonimmune dam 
is infected during pregnancy, however, the disease is usually 
more severe in the fetus than in the dam. Transplacental trans- 
mission of Toxoplasma sp. increases when the infection is 
acquired in the second or third trimesters of pregnancy, but 
more severe fetal disease generally occurs when the infection 
is acquired during the first trimester. After congenital infec- 
tion, recurrent disease in an otherwise healthy animal may 
result from reactivation of encysted organisms. In humans, 
infections have also been acquired from blood transfusions 
and contaminated donor tissue. 


Host Responses 


When host immune defenses are initiated, the proliferative 
stage of the infection is curtailed, though organisms may 
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encyst and remain viable in infected tissues for the life of the 
animal. Macrophages activated by interferon-gamma are the 
principal cells involved in control of T. gondii infection. 
Inflammatory reactions are usually minimal around the brady- 
zoite cysts, however, possibly because of the incorporation of 
host elements into the cyst walls, which masks the expression 
of parasitic antigens. Infection progresses when the cysts rup- 
ture, thereby releasing parasites that proliferate and invade 
neighboring cells. Bradyzoite cysts can be located in many tis- 
sues and are typically abundant in the brain, skeletal muscle, 
myocardium, and viscera. An intact cell-mediated immune 
system is extremely important for resisting T. gondii infection. 
Chronic immunosuppression can reactivate latent infection 
via bradyzoite cyst rupture, initiate rapid transformation into 
tachyzoites, and allow progressive development of infection. 
Immunocompromise, as occurs with immunosuppressive 
retroviral infections, may result in reactivation of a previous, 
latent infection. 

The role of T. gondii in anterior uveitis is controversial. 
Ocular toxoplasmosis in humans is characterized by a necro- 
tizing retinochoroiditis, with anterior uveitis being rarely doc- 
umented. Most cases of human ocular toxoplasmosis are 
thought to result from a reactivated, congenital infection. In 
domestic species, ocular toxoplasmosis is most common in 
the cat.’ In contrast to T. gondii infection in humans, the 
most common clinical finding with naturally occurring T. 
gondii infection in cats is nongranulomatous anterior uveitis. 
Additionally, T. gondii cannot typically be demonstrated from 
eyes with anterior uveitis. Experimental infections in the cat 
have resulted primarily in chorioretinal lesions, but retrospec- 
tive studies of spontaneous feline ocular toxoplasmosis indi- 
cate that multifocal granulomatous panuveitis (particularly 
iridocyclitis) is the prevalent ocular manifestation.2°**>? 

In cases of ocular inflammation associated with Toxo- 
plasma sp. cellular immune memory to uveal antigens may 
perpetuate the inflammatory disease, as damaged uveal or 
retinal cells stimulate lymphocytes and plasma cells, which 
may then initiate production of autoantibodies and further 
contribute to the uveitis. Interestingly, in cats with uveitis, 
organisms are found relatively infrequently on histologic 
examination of the uveal tissues. High levels of toxoplasma- 
specific antibody within the uvea of cats with subacute or 
chronic anterior uveitis may reflect nonspecific recruitment of 
toxoplasma-sensitized lymphocytes. Furthermore, in 
chronically inflamed eyes, other lymphocytes may be 
recruited as well, thus resulting in the presence of a wide vari- 
ety of antibodies not specifically associated with the primary 
cause of the uveitis but further exacerbating the disease.7 


Diagnostic Methods 


Laboratory diagnosis of Toxoplasma gondii infection includes 
recovery and isolation of the parasite, histologic identifica- 
tion, and serologic evaluation of the patient. Isolation of the 
parasite from blood, spinal and ocular fluids, sputum, or pla- 
centa by direct inoculation into cell culture of mice is diagnos- 
tic of an acute infection. Recovery of the parasite from tissues 


(except placenta) can represent either an acute or a chronic 
infection. Serologic tests for the diagnosis of toxoplasmosis 
include the Sabin-Feldman test (i.e., methylene blue dye test) 
CF test, hemagglutination test, LA test, IFA, and ELISA. 
Measurement of IgM antibodies may facilitate making the 
diagnosis during the acute phase of toxoplasmosis. Serologic 
diagnosis of toxoplasmosis may be confounded by the high 
seroprevalence of T. gondii-specific antibodies in normal 
cats."6!6? Measurement of aqueous humor-specific antibod- 
ies compared with serum levels, the C-value, has been found 
to be useful in documenting local antibody production,226s 
Even so, the possibility of nonlocal production of T. gondii 
antibodies present in the anterior chamber must be recog- 
nized. 

The Toxoplasma parasite can be identified histologically 
by routine microscopic examination of hematoxylin and 
eosin—stained and Giemsa-stained tissue sections. Identifica- 
tion of tachyzoites indicates an active infection, whereas 
detection of cysts indicates chronic disease (except for cysts in 
placental or fetal tissues, which by the nature of these tissues 
connotes acute or subacute disease). Fluorescent antibody and 
peroxidase-antiperoxidase techniques are reliable methods for 
detection. The PCR is both sensitive and specific, and it may 
be used for detecting Toxoplasma DNA in cases in which 
cysts cannot be visualized. In vitro diagnostic tests and the 
presence or absence of clinical disease are not always readily 
correlated, because the prevalence of asymptomatic infected 
cats is not known and infected immunocompromised cats may 
not have predictable serologic responses. 


PROTOTHECA SP. 


Taxonomy and Life Cycle 


Prototheca sp. are achlorophyllous algae that are morphologi- 
cally similar to the algal genus Chlorella. Cells are spherical 
to oval in shape and range from | to 13 um in diameter, with 
some cells exhibiting slightly longer lengths. The hyaline cell 
wall is approximately 0.5-um thick, the cytoplasm is granular 
and basophilic, and the nucleus is small and centrally located. 
Reproduction is through endosporulation, with cleavage of the 
parent cell resulting in the release of from 2 to 20 or more 
endospores. The nucleus may not be visible in the immature 
forms, and empty hyaline shells may be visible among intact 
algal cells within lesions. The three recognized species are P. 
stagnora, P. zopfii, and P. wickerhamii, with the latter two 
being pathogenic. 


Pathogenic Mechanisms 


Prototheca sp. are an environmental contaminant that, when 
ingested by the host, may rarely cause disease. The organism 
is minimally pathogenic and does not spread between hosts. 
Immunosuppression, especially of cell-mediated immunity, 
favors establishment of infection. Systemic protothecosis 
occurs in the dog, in which it typically manifests as colitis 
with intermittent, bloody diarrhea.7°*? The colon is the 
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probable site of primary infection and entry for disseminated 
disease. 
Virulence may vary between species of Prototheca. P. wick- 
erhamii appears to be less pathogenic, causing’ only localized 
skin disease in the dog and cat; P. zopfii is nearly always isolated 
from disseminated cases in the dog.”™®?™ In the dog, predisposi- 
tions for the Collie breed and females have been noted.270.27! 


Host Response 


Because protothecosis becomes widely disseminated in the 
dog, a number of organ systems, including the lymphatics, 
kidneys, and lungs, are commonly involved. Intermittent or 
protracted bloody diarrhea, weight loss, and debility are the 
usual clinical findings. CNS and ocular involvement are also 
relatively common and are associated with severe depression, 
deafness, ataxia, circling, paresis, and blindness. Renal failure 
has been reported as well. In some cases, chronic ulcerative 
skin lesions with draining tracts or crusty exudates on the 
trunk or extremities are seen. Whereas protothecosis in the cat 
is limited to cutaneous disease, canine dermatologic lesions 
usually reflect disseminated disease with concurrent involve- 
ment of the lymphatics, viscera, brain, or eyes.” 

Host reactions vary considerably. Typically, there is a mild, 
mixed inflammatory cell response, and minimal necrosis is 
noted at the periphery of lesions. Cellular infiltrates consist of 
macrophages, lymphocytes, neutrophils, and substantial num- 
bers of plasma cells. In some instances, a granulomatous or 
pyogranulomatous response is apparent, in which organisms 
may be seen within macrophages and multinucleate giant 
cells. Multifocal aggregates of the Prototheca organism are 
found in the affected tissues. Ocular responses include focal 
or diffuse granulomatous chorioretinitis as well as retinal sep- 
aration and degeneration, with masses of organisms present 
between the retina and choroid.” !273 


Diagnostic Methods 


Identifying organisms on Wright-stained fluid specimens 
obtained by vitreous centesis or cerebrospinal fluid collection 
is a reliable method of diagnosis. Gram’s iodine also works 
well to stain smears for organisms. Gomori’s methenamine- 
silver or PAS stains of histologic specimens enhance identifi- 
cation of organisms. Prototheca sp. grow readily in a variety 
of laboratory media, including Sabouraud’s cycloheximide- 
free dextrose agar at 25° to 37°C. Fungistatic discs may be 
used to differentiate Candida sp. from Prototheca sp. Simi- 
larly, a clotrimazole disc will allow differentiation between P. 
wickerhamii (i.e., susceptible) and P. zopfii (i.e., resistant). 
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Chapter 7 


Clinical Pharmacology and Therapeutics 


Part 1: Drug Delivery 


Alain Regnier 


DRUG DELIVERY 


Introduction 


Ocular responses to drugs are correlated with the concentration 
of active ingredient at the intended site of action, referred to as 
the biophase. In ocular therapy, drug choice is based not only 
on pharmacodynamic potency but also on pharmacokinetic 
properties to select the most suitable route of administration 
and dosage regimen; these, in turn, must ensure the presence of 
an effective drug concentration in the target biophase for an 
appropriate period while limiting diffusion of the drug to 
other ocular structures or parts of the body. The dosage regi- 
men and route of administration should also be adapted to 
clinical management of the patient in order to maximize owner 
compliance. "=° 

Although the external eye is readily accessible for drug 
administration, efficient drug delivery to the eye is difficult 
because the eye is a unique organ in that it has several 
functional and structural protective mechanisms. Mechanisms 
such as blinking, permanent lacrimation, and lacrimal 
drainage, which are necessary to preserve visual acuity, also 
favor rapid removal of drugs that are applied to the ocular 
surface. The globe itself is protected physically by tough lay- 
ers of sclera and cornea that can exclude not only noxious 
chemicals but also drugs from the inner eye. Additionally, the 
internal ocular structures are isolated anatomically from the 
systemic circulation by blood—ocular barriers, which are criti- 
cal for maintaining the delicate homeostasis of the ocular 
transparent media but which act as major obstacles for the 
access of topical or systemic medications to intraocular target 
tissues. Depending on site of the ocular tissue target to be 
reached, drugs used in ophthalmology are administered 
locally or systemically, and the main factors to be considered 
when drug delivery to the eye is attempted therefore include 
(a) how to cross the external layers of the globe (cornea, con- 
junctiva and sclera) or blood—ocular barriers to reach an 
intraocular site; (b) how to localize drug actions at the ocular 
tissues while minimizing systemic effects; and (c) how to pro- 
long the duration of drug actions such that the frequency of 
drug administration can be minimized.* 


Topical Administration 


Topical administration is the most common route of administra- 
tion for ophthalmic drugs because of its advantages, including 
simplicity of application and convenience to reach both extra- 
and intraocular tissue targets. The pharmacokinetic profile of 
topically applied ophthalmic drugs is influenced by precorneal 
factors (i.e., lacrimation, drainage) and the specific characteris- 
tics of the formulation itself that will determine the amount of 
drug penetrating the eye. 


Ophthalmic Solutions and Suspensions 


Eye drops represent the pharmaceutical formulations most 
widely used in ophthalmology and consist of solutions and 
suspensions. Ophthalmic solutions are formulations in which 
the drug is totally dissolved in a given solvent. Typically, they 
are low-viscosity, aqueous solutions mixable with the aque- 
ous tear film. Thus, the drug must be, at least to some degree, 
water soluble. Some exceptions exist, like compounded 
preparations of cyclosporine in corn or olive oil.” To mini- 
mize irritation of the eye, ophthalmic solutions must ideally 
have an osmolality (tonicity) of about 300 mOsm/kg, which 
is the tonicity of normal tears. However, various studies have 
shown that the eye can tolerate solutions with an osmolality 
in the range of 200 to 600 mOsm/kg, or 0.2% to 2.0% in NaCl 
equivalents.*° Sodium chloride, boric acid, and dextrose are 
used to modify tonicity. Ophthalmic solutions must fall 
within a pH between 4.5 to 9 to be comfortable to patients 
and not induce tearing and blinking reflexes.*° To improve 
stability and sterility, ophthalmic solutions are formulated 
with appropriate vehicles that may contain buffers, organic or 
inorganic carriers, emulsifiers, and wetting agents. The 
advantages of solutions include relative ease in dispensing 
and use. In addition, most agents are well tolerated, cause 
little discomfort, and do not affect vision. When frequent 
applications of ophthalmic solutions are required in horses 
(i.e., in the treatment of severe corneal infections), a continu- 
ous irrigation system, such as a subpalpebral lavage system 
or a nasolacrimal cannula, is necessary to provide frequent 
instillations with minimum handling.’ 
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Pharmaceutical derivatives of low aqueous solubility, such 
as acetates and alcohols used as topical corticoids, require 
formulations as ophthalmic suspensions.* A suspension con- 
sists of particles of active ingredient in a saturated aqueous 
vehicle that includes dispersing and suspending agents 
designed to be instilled into the eye. The drug particles con- 
tained in suspension must be less than 10 jm, uniform in size, 
and micronized to prevent irritation of the ocular surface.>* 
Similarly to the ophthalmic solutions, the suspensions should 
be formulated at a tonicity and a pH that are safe for the ocular 
surface.* Compared to solutions, ophthalmic suspensions have 
some disadvantages associated with the formulation and use. 
For manufacturers, suspensions present problems with regard 
to both method of sterilization and drug concentration, which 
can be manipulated only by increasing the number of parti- 
cles. These problems may be overcome by the reformulation 
of ophthalmic suspensions as solutions, either by formulating 
water-soluble derivatives of the parent drugs (i.e., sodium 
phosphate salts for glucocorticoids) or complexing poorly 
water-soluble compounds with drug carriers such as 
cyclodextrins to increase their water solubility.” From a practi- 
cal point of view, potential disadvantages of ophthalmic sus- 
pensions include the possibility of irritation due to suspended 
crystals or particles'® and the need to be adequately shaken 
before use to disperse drug particles evenly throughout the 
vehicle and avoid incorrect dosing.>!! 

All multidose eye preparations must include a bacteriosta- 
tic preservative (i.e., benzalkonium chloride, benzethonium 
chloride, methylparaben, propylparaben, mercurial com- 
pounds, thimerosal) to prevent or inhibit microbial growth 
during clinical use.°!° At appropriate concentrations, these 
preservatives must be safe, must be compatible with the other 
ingredients of the preparation, and must remain effective 
throughout the period of use of the eye drops. It is assumed 
that preserved eye drops in multidose containers do not 
become heavily contaminated for up to 1 month after opening, 
enabling these eye drops to be used for a maximum of 
4 weeks.'? Most preservatives, however, may have local dele- 
terious effects, either by toxicity or hypersensitivity, and 
patients who become intolerant to preservatives then require 
eye drops prepared without added preservatives. Preserved 
ophthaimic preparations cannot be instilled on the injured eye 
or used during surgical intervention in the anterior chamber 
because of possible toxicity to the corneal endothelium, ante- 
rior uvea, or both. ° 

Unpreserved eye drops are supplied in unit dose containers 
or multidose bottles, but the range is still limited so they cannot 
be used in all cases. !? Unpreserved eye drops supplied in multi- 
dose bottles should be stored at 2° to 8°C after opening to 
reduce the rate of replication of any microbial contaminants, 
and they should not be kept in use for more than 7 days.’ 


Drug Disposition after Instillation of Eye Drops 


As indicated in Figure 7.1.1, an ophthalmic drug topically 
applied to the eye is distributed in three ways. It is drained by 


the nasolacrimal apparatus, may penetrate into the eye through 
the corneal and/or noncorneal routes, and is absorbed into the 
systemic circulation via the conjunctiva and nasopharynx, 


Precorneal Area 


Nasolacrimal Drainage and Tear Turnover When eye drops 
are administered to the ocular surface, they first mix with the 
tear film compartment, the volume of which is about 7 to 10 p] 
(with 1 wl covering the cornea and about 3 to 4 ul residing in 
each conjunctival sac), as estimated in man and rabbit.'>-'4 The 
drop volume delivered by many ophthalmic dropper bottles js 
about 40 uL in average,’ but actually it varies within a range 
of 25 to 70 pL depending on the design of the dropper tip, the 
physicochemical properties of the medication to be dispensed, 
and the manipulation of the dropper bottle.’® Since the 
palpebral fissure is capable of holding only 25-30 uL of 
fluid,!” the volume of most ophthalmic drops largely exceeds 
the volume of the cul-de-sac, so complete retention of this drop 
volume is unlikely to occur. As a consequence, the sudden 
increase of volume created by instillation of an eye drop will 
be diminished rapidly by escape of a large proportion of the 
instilled fluid into the nasolacrimal system and spillage over 
the lower eyelid.'’ Scintigraphic studies of ophthalmic 
solutions has shown that as a result of rapid drainage, most of 
the instilled solution is lost within the first 15 to 30 
seconds.'*'? The extra solution volume that enters the 
nasolacrimal apparatus will flow then to the nasopharynx, 
where swallowing of the drained fraction may contribute to 
some systemic side effects (i.e., salivation with atropine). 
Following removal of a substantial proportion of the drug 
subsequently to administration of such an excess volume, a 
second mechanism of clearance, represented by continual 
turnover of the tear film, will prevail until restoration of the 
normal tear volume occurs.” In normal, nonirritated human 
eyes, the secretion and drainage of tears occur at a rate of 
approximately 1 L/min corresponding to a 15% turnover of 
the tear film per minute.” This washout results in almost 
complete disappearance of the applied fluid remaining on the 
ocular surface via lacrimal drainage within approximately 
10 minutes.”? 


Factors Influencing the Drainage Rate The rate at which 
the instilled drug is eliminated from the ocular surface due to 
drainage by the nasolacrimal system is influenced by three 
main factors: the size of the drop delivered to the eye, the 
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blinking frequency, and the tear flow dynamics. Within the 
cul-de-sac, the drainage rate of an instilled volume has been 
shown to be proportional to the volume of the drop that is 
above the normal lacrimal fluid volume. The larger the 
volume instilled, the more rapidly it is drained through the 
nasolacrimal system.“ This is illustrated by data from pharma- 
cokinetic models indicating that tear drainage within the first 
minute following topical application is 13 pL/min and 
30 L/min for a 25-uL and a 50-wL eye drop respectively.” 
As aresult, 90% of a topically instilled dose in a rabbit eye is 
cleared within 2 minutes for an instilled volume of 50 wL, 
4 minutes for an instilled volume of 25 uL, and 7.5 min for an 
instilled volume of 5 uL.” Thus, a strategy for minimizing 
the rate of drug loss through drainage would be to reduce the 
volume instilled to 5-15 uL.??* Efficiency of this method, 
has been demonstrated experimentally and clinically.”>° For 
example, a single administration of a 10-uL drop of phenyle- 
phrine 10% to human volunteers resulted in the same mydria- 
sis as a 30-L drop of the same concentration.’ A similar 
observation was made with 15-uL and 70-~L drops of 
clonidine 0.25 or 0.50% that produced an identical hypoten- 
sive ocular effect when applied to human eyes.” 

For the same reasons, instillation of one drop immediately 
after another will reduce the availability of the first drug 
instilled because it will suffer a loss due to nasolacrimal 
drainage that is proportional to the time interval between 
instillations.' As an instilled drop is removed in about 10 min- 
utes, dosage guidelines therefore recommend that at least 
10 minutes elapse between the instillation of drops of different 
medications. 4 

Tear flow dynamics may also alter the drug residence time 
in the precorneal compartment if the instilled medication is an 
irritant by virtue of its pH and/or tonicity. As previously 
discussed, the pH of an ophthalmic preparation should be kept 
as close to the physiological pH as possible to avoid local 
irritation or foreign body sensation with enhanced lacrimation 
and blinking that will promote drug clearance through the 
lacrimal system.'*”8 


Penetration across the Cornea 


After topical ocular application, drugs may be absorbed into 
the inner eye through the corneal or conjunctival-scleral route. 
The rate and extent of absorption through one route or the 
other is dependent both on transport characteristics of the 
cornea, conjunctiva, and sclera and on the physicochemical 
properties of the drug itself. Generally, the cornea has been 
regarded as the main route of absorption for clinically used 
ocular drugs because most of them have been developed with 
adequate properties for corneal absorption.” 


Corneal Barriers The cornea consists of three primary layers, 
the epithelium, stroma, and endothelium, representing distinct 
barriers to absorption organized as an aqueous phase (stroma) 
sandwiched by two lipid layers (epithelium and endothelium). 
Kinetic studies using in vitro and in vivo techniques have 
shown that drugs penetrate the corneal epithelium either by 
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partitioning through the cells (transcellular route) or diffusing 
between the cells (paracellular route).7!-*> This penetration is 
attributable to the presence of annular tight junctions (zonula 
occludens), which completely surround and seal the superficial 
cells to all but the smallest hydrophilic molecules.** It is thus 
anticipated that the transcellular drug penetration will be 
related to oil/water (o/w) partition coefficient because of the 
lipophilic nature of the epithelium, whereas paracellular move- 
ment will more likely be related to characteristics such as 
molecular size and aqueous diffusity.™ As a consequence, 
the transcellular route across the lipid cell membrane will 
contribute to the epithelial transfer of lipophilic molecules, 
while small hydrophilic (polar) compounds will diffuse 
through the intercellular space, which represents the aqueous 
pore pathways of the corneal epithelium.***” Ultrastructural 
studies determined that the intercellular space at its most 
confined point has a size ranging from 0.6 to less than 3 nm.*? 

If the epithelial layer is a rate-limiting barrier for highly 
polar drugs, at the opposite, the stroma with its 78% water 
content allows the free passage of compounds possessing high 
aqueous solubility and acts as a barrier to lipophilic mole- 
cules.'* Although the endothelium is cellular, its permeability 
displays a strong dependence on both o/w partition coefficient 
and molecular size. This indicates that the endothelium does 
not provide significant resistance to lipophilic and hydrophilic 
ophthalmic drugs. The significant permeability of the 
endothelium likely relates to the fact that it is only one cell 
thick and that these cells are connected by junctional gaps that 
do not provide any barrier for drug penetration.*'® 

Thus, in order for an ophthalmic drug to penetrate the cornea, 
it must exhibit intermediate solubility characteristics, being 
soluble to some degree in both oil and water to penetrate the 
epithelium and stroma.’ It is postulated that a good predictor of 
corneal penetration rate of drugs is the o/w partition coefficient 
and that maximal corneal penetration is obtained with drugs 
whose o/w partition coefficient range from 10:1 to 1000:1.°° For 
moderately lipophilic drugs such as timolol and dexamethasone, 
the corneal epithelium contributes 50% to the total resistance to 
transport while the stroma and endothelium each contribute 
25%. For hydrophilic drugs such as epinephrine and pilo- 
carpine, the corneal epithelium contributes more to the total 
resistance.” 

Most ophthalmic drugs, being weak acids or bases, are 
present in solutions as both the unionized and ionized forms 
of the molecule. The ionized form can be a cation or an anion 
and is in equilibrium with the unionized form, also called the 
free-base form of the drug.!*!* Penetration of ionizable drugs 
through the cornea follows the pH partition theory because 
they are hydrophilic in the ionized form and lipophilic when 
unionized.!* When such a drug is applied on the eye, its 
unionized form predominantly penetrates the epithelium 
(Fig. 7.1.2). The paracellular pathway allows for only a small 
degree of permeation by the ionized form. Once the free base 
reaches the stroma, its abundance drives the reaction to con- 
vert the unionized form to the ionized form, which is the 
favored stromal diffusion. Upon reaching the endothelium, 
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another equilibrium is found, and penetration is achieved by 
both the ionized and unionized forms, because the endothe- 
lium is relatively permeable to drugs.*?! 


Factors Influencing Corneal Absorption In the case of 
ionizable drugs, the pH of the ophthalmic preparation and of 
the tear fluid affect ocular drug penetration by influencing the 
ratio of the ionized (dissociated) and unionized (nondissoci- 
ated) forms of the molecule in equilibrium. The degree of 
ionization of a drug in solution, and hence its capacity to dif- 
fuse across cellular barriers, is determined by its dissociation 
constant (pKa) and the solvent’s pH. The dissociation constant 
is governed by the following relationship: pH = pKa + 
log[base]/[salt]. Thus, small changes in the pH can signifi- 
cantly affect the degree of drug dissociation in the formula- 
tion.“ By using buffer solutions, the pH can be adjusted to 
increase the proportion of the unionized fraction, the more- 
lipophilic species, of the drug molecule, thereby facilitating 
penetration across the lipid barrier of the corneal epithelium. 
If we consider the activity of tropicamide and atropine on the 
isolated iris sphincter, tropicamide has 1/70 the affinity of 
atropine for muscarinic receptors. Both drugs topically 
applied as a 1% solution, however, are equally effective as 
mydriatics because a larger proportion of tropicamide (pKa = 
5.4) compared to atropine (pKa = 9.7) will exist as unionized 
at tear pH and will be rapidly transferred through the cornea to 
intraocular target tissues.*° Penetration of pilocarpine, a weak 
base, increases more than 10-fold when its pH is changed 
from 7 to 9.5. However, the pH of pilocarpine formulations 
must be kept within 4.5 to 5.5 to ensure drug stability.” 

Protein binding of topical drugs is known to occur in the 
precorneal tear film, rendering the bound fraction no longer 
available for absorption. As local inflammation increases tear 
protein content, drug loss by this route may gain significance 
during topical treatment.'* Experimentally, a 75- to 100-fold 
reduction in pupillary response to pilocarpine was found in 
rabbits by addition of 3% albumin to tear fluid.'* In an effort to 
minimize this effect, agents such as cetylpyridinium that com- 
pete with the drug’s binding site to lacrimal proteins were 
shown to increase ocular availability of topically applied 
drugs such as pilocarpine.!* 


Penetration through the cornea is controlled by the gradient 
of drug concentration. However, the possible increase of dry 
concentration in the formulation is limited by the extent of 
induced lacrimation, since after instillation of a hyperosmotic 
solution, fluids are osmotically removed from the surrounding 
ocular tissues so that complete dilution to isotonicity occyrg 
rapidly.'* 

Hydrophilic drugs that penetrate poorly through the intact 
epithelium reach very high levels in the cornea when the 
epithelium is damaged or inflamed. In the case of a corneal 
ulcer, drug is further retained by the craterlike effect of irregu- 
lar tissue margins.” Experimentally, it has been shown that 
penetration into the cornea and anterior chamber of a topically 
applied hydrophilic antifungal agent is increased up to nine- 
fold when 25% to 50% of the surface area of the corneal 
epithelium is removed.*' The possible clinical implication of 
these findings is that corneal epithelial debridement may be 
performed in some situations (i.e., keratomycosis or corneal 
abscess beneath an intact epithelium) to allow better penetra- 
tion of therapeutic drugs into the deep corneal stroma and 
anterior chamber.*! At the opposite, the effect of epithelial 
damage should be low or negligible for lipophilic drugs, 
which normally penetrate the epithelium very readily.’ As 
discussed in a later section, the permeability of corneal epithe- 
lium may also be altered by chemical action of compounds 
such as surfactant or chelating agents. 


Noncorneal Absorption Route 


In the two last decades, studies have shown that the conjunctival- 
scleral absorption of ocularly applied drugs contributes to the 
ocular absorption known as noncorneal absorption. The non- 
corneal absorption route through conjunctiva and sclera is 
important mostly for very hydrophilic and large molecules that 
are not able to penetrate through the corneal barrier. The 
conjunctiva is more permeable than the cornea through a signifi- 
cant paracellular route, which makes its permeability to mole- 
cules of varying physicochemical characteristics, such as 
B-blockers, hydrophilic macromolecules, and [7H]mannitol, 2 to 
30 times higher than that of the cornea.*”44~* In addition, data 
indicate that there is not a large difference between the perme- 
ability coefficients of ionized and unionized forms, which can 
also be explained by the richness of paracellular routes of the 
conjunctival membrane.“ 

Once the drug penetrates the conjunctiva, there are two dis- 
tinct possibilities for it to reach the intraocular target tissues. It 
can diffuse through the sclera to enter certain intraocular tis- 
sues bypassing the anterior chamber. Data of in vitro experi- 
ments on scleral permeability indicate that the scleral 
permeability is approximately 10 times more than in the 
cornea.*©8 The primary route for solute transport through the 
sclera is by passive diffusion through the interfibrillar aqueous 
media of the gel-like proteoglycans.” Transscleral diffusion is 
unaffected by the intraocular pressure, at pressures ranging 
from 0 to 60 mmHg, and allows the transfer of compounds 
with a molecular weight as high as 150 kDa.°°>! Other in vitro 
data also indicate that if a topically applied drug is preferen- 
tially absorbed by the scleral route, its transfer will be mort 


rapid through the sclera than it would be throu gh the cornea.’ 
Access to the posterior segment is also possible through the 
sclera for hydrophilic drugs and could be four times more 
effective than through the cornea.“ Recent investigations 
demonstrated that scleral permeability is enhanced with 
exposure to prostaglandins (PGs) or PG analogues, such as 
latanoprost, ">" suggesting that the prospect of increasing 
transscleral permeability by PG cotreatment might allow 
sufficient transscleral transport to provide delivery of macro- 
molecules, such as trophic factors, to the retina.” The other 
possibility for drug penetration through the conjunctival- 
scleral pathway is that once the drug is absorbed into the 
conjunctival-scleral tissue, a significant portion enters scleral 
vessels that supply the uvea, particularly the anterior ciliary 
arteries, and deposits within the ciliary body.” Although the 
proportion of drug entering the eye by the two routes of the 
conjunctival-scleral pathway is not known, vessel uptake and 
deposition at the iris-ciliary body was found to be significant 
for drugs such as the topical carbonic anhydrase inhibitors.*° 

No ophthalmic drug delivery systems have been designed 
to specifically promote noncorneal drug penetration, but it is 
possible that this end result can be obtained from the inserts 
and microparticulate systems (e.g., nanoparticles) because 
they are placed in the fornices. When timolol was applied to 
rabbit eyes, the drug concentration in the conjunctiva and the 
amount of drug penetrating the iris-ciliary body and aqueous 
humor were significantly higher using ocular inserts rather 
than eye drops. In light of these findings, it was concluded that 
after application of the insert into the fornix, the iris-ciliary 
body would absorb the drug that has penetrated through the 
conjunctiva and sclera.*° The mucoadhesive polymer polycar- 
bophil was also shown to enhance the ocular uptake of 
gentamicin, presumably by facilitating the drug transfer 
through the conjunctival-scleral pathway, which was 
facilitated by the prolonged contact time between the mucoad- 
~ hesive polymer and the underlying bulbar conjunctiva.’ 


Systemic Absorption 
Mechanisms and Consequences As mentioned earlier, a 
large part from each drop applied to any eye is drained 
through the nasolacrimal system, where the vascularized 
lining of the nasolacrimal duct and nasopharyngeal mucosa 1s 
available for absorption.** It has been shown in the rabbit 
that the epithelium of the nasolacrimal passage is able to 
absorb lipophilic substances, and it is most likely that 
lipophilic components of tear fluid or drugs from tear drop are 
also readily absorbed by the nasolacrimal ducts in other 
species.>® 

Systemic drug absorption also results from uptake by fen- 
estrated blood vessels located in the conjunctiva/episclera and 
must also be considered.*'*!8 This seems the case for the oph- 
thalmic B-blockers, which show an extremely low drug con- 
centration in plasma after corneal application compared to 
conjunctival and scleral applications.*’ Both transconjunctival 
absorption and transnasal absorption after drainage via the 
nasolacrimal duct are generally undesirable not only because 
the dose fraction that is removed by the systemic circulation 
fails to contribute to the production of an ocular effect but also 
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because it may participate in systemic side effects. The signif- 
icance of circulatory system access by topical agents is that 
these medications entering the systemic circulation through 
the nasolacrimal mucosa bypass the primary metabolism in 
the liver in this way. The administration of eye drops has 
therefore been compared with a slow intravenous injection, 
which can account for the systemic toxicity of some topically 
applied ophthalmic preparations such as B-blockers. The 
systemic toxicity that may be observed in the dog after topical 
application of some ophthalmic preparations such as 
phenylephrine, glucocorticoids, and timolol has been 
reviewed recently.™® Reduction of vascular absorption may 
be promoted by either decreasing nasolacrimal drainage of the 
instilled drug or increasing its ocular penetration. In humans, 
nasolacrimal occlusion (NLO) and eyelid closure are simple 
techniques that not only increase the ocular bioavailability of 
topically applied ocular drugs but also reduce the severity of 
adverse systemic effects. In one experiment, systemic absorp- 
tion of topical timolol was reduced more than 60% and ocular 
absorption increased by 70% in patients practicing NLO or 
eyelid closure for 5 minutes after eye drop application.°' 
These maneuvers eliminate the pump action of the eyelids, 
increase corneal contact time, and minimize the amount of 
drug delivered to the lacrimal and nasopharyngeal mucosa, 
hence improving the efficacy and safety margin for eye 
drops.°'3 However, the effect of NLO on the systemic 
absorption is probably best for drugs that are mostly absorbed 
from the nasopharyngeal mucosa, because it has no effect on 
systemic absorption via conjunctiva. It has also been 
proposed to reduce drug uptake by conjunctiva by inducing 
vasoconstriction in conjunctiva and nasal mucosa with topical 
phenylephrine.® In rabbits, it was found that the systemic 
bioavailability of timolol from eye drops was decreased from 
73% to 38% by co-administering timolol with phenyle- 
phrine.® 


Systemic Delivery of Peptides through Ocular Route Since 
most of the instilled drugs are absorbed systemically, the 
technique to deliver peptide drugs into systemic circulation via 
ocular route has been extensively studied in experimental ani- 
mals.”*-°° Currently, most peptide drugs are administered by 
parenteral injection because extensive hydrolysis within the 
gastrointestinal tract results in poor oral bioavailability. 
Because repeated injections are poorly accepted by patients, 
nonoral routes have been investigated as alternatives for sys- 
temic drug delivery. Among those is the ocular route, since the 
mucous membrane in the conjunctiva and nasal cavity are per- 
meable to macromolecular compounds.” Small peptides such 
as thyrotropin-releasing hormone (MW 360) and luteinizing 
hormone-releasing hormone (MW 1200) are easily absorbed by 
the ocular route compared to larger polypeptides such as insulin 
(MW 6000), which need to be combined with permeation 
enhancers or emulsants, like saponin, the nonionic surfactants 
BL-9 and Brij-78, and certain alkylglycosides to penetrate ocu- 
lar membranes after topical application.2*°’ The delivery of 
systemic insulin through the ocular route was investigated in the 
late 1990s in healthy cats and dogs®*” and in the diabetic dog.” 
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Such data demonstrated that systemic absorption of insulin may 
occur subsequently to topical ocular administration. To the 
author’s knowledge, the ocular route of insulin administration is 
not currently used in small animals, but systemic delivery of 
antidiuretic hormone (ADH) through ocular route is exploited 
in the treatment of canine diabetes insipidus. 


Inside the Eye 
Distribution 


Following intraocular penetration of topically applied drugs, 
their subsequent distribution and retention at the target site is 
critical to their therapeutic success. Those drugs that diffuse 
through the cornea enter the aqueous humor first and then are 
distributed to the iris-ciliary body, lens, and vitreous. Drug 
levels reached in the iris-ciliary body are similar to those 
achieved in the aqueous humor, but levels in the lens and vitre- 
ous body are consistently lower.'* Topically applied drugs that 
penetrate the eye via the noncorneal route of entry reach 
higher concentrations in the iris-ciliary body than in the aque- 
ous humor because scleral penetration permits the drug to 
reach the target tissue first without entering the aqueous 
humor.'!4 Aqueous outflow is presumed to be the primary 
route of drug elimination from the eye, although loss of drug 
may occur by additional pathways (i.e., retinal blood flow) or 
processes such as metabolism and drug binding to distinctive 
tissues. !! 


Melanin Binding 


The iris and ciliary body have a heavily pigmented layer of 
epithelial cells, which can influence the pharmacological 
effect of instilled ophthalmic drugs, because accumulation of 
drug in this pigmented tissue by melanin binding decreases 
the free drug concentration available for target tissues.” 
Melanin acts as a site of loss for the drug so that the concentra- 
tion at the target decreases, leading initially to smaller ocular 
effects. This explains that the higher the amount of melanin in 
the eye, the smaller is the initial mydriatic effect of atropine.”! 
Subsequently, the pigmented iris accumulates relatively 
greater amounts of substance than the albino iris, and the 
pigmented anterior uvea forms a drug reservoir. During the 
elimination phase of the drug action, the pigment granules 
slowly release the drug as a sustained-release preparation, 
resulting in prolonged duration of action. It was found in the 
rabbit that pilocarpine can accumulate up to 10 times more in 
the pigmented than in the albino anterior uvea and that its 
miotic effects are significantly prolonged in the pigmented 
rabbit eyes compared to albino eyes. Similarly, when 
applied topically to albino and pigmented eye, the duration of 
the mydriatic effect of atropine is 3 to 4 times longer in the 
pigmented than in the albino eye.’! Affinity to melanin of the 
iris-ciliary body was reported for antibiotics, such as 
amikacin,“ minocycline,’ and sparfloxacin,’ that concen- 
trate in the pigmented layers of the eye. The reduced hypoten- 
sive ocular effect of timolol observed in people with darker 
irides was attributed to melanin binding.” 


By affecting the bioavailability of topically applied drugs, 
ocular pigmentation may also decrease their local toxiç 
effects. In the rabbit, for example, it was found that Ocular 
pigmentation protects the retina from the toxic action of 
gentamicin. This protective effect probably reflects binding of 
the drug by the melanin, which thereby reduces the concentra. 
tion of the free gentamicin.” 


Drug Metabolism 


Ocular drug metabolism was a neglected area of research unti] 
the discovery during the last 10 years that topically applied 
drugs may be metabolized during transport across the corneal 
epithelium and/or after reaching their sites of action in the 
anterior segment of the eye and that metabolism can be 
exploited to develop new ophthalmic drugs with superior 
pharmacological properties to the parent compound, such as 
prodrugs and soft drug analogues.**° Enzyme systems identi- 
fied to play a role in ocular drug metabolism include 
esterases, N-acetyltransferase, catechol-O-methyltransferase, 
monoamine oxidase, lysosomal enzymes, peptidases, and 
sulphate transferase.! Esterase activity is the highest in the 
iris-ciliary body, followed by the cornea, and then the aqueous 
humor.” Depending on the nature of the drug, these enzymes 
contribute to either an activating or inactivating effect. The 
latter metabolic process results in loss of activity of the drug, 
The esterases, for example, are responsible for activating 
dipivalyl epinephrine, the prodrug of epinephrine, and for 
inactivating pilocarpine.”* After pilocarpine instillation in the 
rabbit, about 40% of the original compound in the cornea and 
75% of that in the anterior chamber are breakdown products 
of pilocarpine, mainly pilocarpic acid.*> Topical idoxuridine, 
an antiviral drug, is also subject to metabolic breakdown in the 
corneal epithelium, where it is converted to 2’-deoxyuridine 
and iodouracil, which can be recovered from the anterior 
chamber.” The metabolism of ocularly applied drugs during 
or after corneal penetration has been exploited to design ocu- 
lar drugs according to the prodrug or the soft drug approach. 
Whereas the prodrug approach allows for control of the 
absorption process (i.e., an inactive drug converted in vivo to 
an active drug), soft drugs are designed to take advantage of a 
predicable and controllable elimination process. Thus, soft 
drugs are therapeutic molecules that are metabolized at a 
controlled rate to an inactive drug. 


Drug Delivery Kinetics and Ocular Bioavailability 


Because most of the instilled medicinal drop is rapidly lost 
from the preocular area, ophthalmic solutions exhibit a fast 
drug pulse delivery with an initially high concentration that 
rapidly declines to a concentration below the therapeutic 
range, as shown in Figure 7.1.3. From a pharmacokinetic 
standpoint, the disappearance of a drug from ophthalmic solv- 
tion follows a first-kinetic order in which the instilled drug 
available for target tissues declines exponentially as the med- 
ication is lost through the nasolacrimal system and is washed 
away by the tear turnover.'® With ophthalmic suspensions, the 
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drug administration is also pulsed, but suspensions are said to 
be advantageous compared to solutions because the retention 
. of particles and their dissolution prolong contact time between 
the drug and the ocular surface and allow the drug concentra- 
tion to persist in the tear fluid longer than after instillation of a 
solution. Dissolution occurs gradually to a concentration 
governed by the drug’s solubility in tear film and the size and 
quantity of particles. With smaller particles, the dissolution 
rate into the tear film is more elevated because of the increased 
surface area of exposed drug at the tear—drug interface.” Thus, 
the advantage of suspensions over solutions diminishes with 
reduced particle size.'* In addition, suspensions formulations 
actually show enhanced ocular bioavailability over solutions 
if the dissolution rate of the particles is greater than their rate 
of clearance from the precorneal area.” 

Due to the rapid clearance from the ocular surface, only a 
small fraction of the instilled drug becomes available for 
absorption into the eye. It is generally considered that for top- 
ically applied drugs, less than 1% to no more than 10% of the 
dose applied enters the anterior chamber.*°-*? Some examples, 
documented by experimental studies in rabbits, indicate that 
as little as 2% of pilocarpine, 1.6% of clonidine, and 7 to 10% 
of flurbiprofen is absorbed after topical application.’ 
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Strategies to Improve Ocular Bioavailability 


Because only a very small fraction of the drug applied to the 
eye can be absorbed into the inner eye, many ideas have been 
developed to improve ocular bioavailability of medications 
delivered to the eye. The main effort in ocular drug delivery 
during the two past decades has been in the design of systems 
to prolong the precorneal retention time or to facilitate drug 
penetration across the cornea of topically applied drugs. The 
challenge in this effort was to improve drug bioavailability 
from less than 10% to at least 15% to 20%.*! 


Improvement of Precorneal Retention 


Ophthalmic Ointments In the past, ointments were the only 
answer to achieving prolonged delivery. The thick, oleaginous 
bases of ophthalmic ointments are primarily mixtures of white 
petrolatum and mineral oil, with or without a water-miscible 
agent such as lanolin. The mineral oil is added to the 
petrolatum to allow the vehicle to melt at eye temperature, 
while the lanolin is added to the nonemulsive ointment base in 
order to absorb water and allow for water-soluble drugs to be 
retained in the delivery systems.’ Hydrophilic drugs are 
dispersed in the base as particles, like in suspensions, while 
lipid-soluble drugs are dissolved in the ointment base.’ 
Ophthalmic ointments must contain preservatives in order to 
prevent bacterial contamination during use, and effects of pH 
and tonicity should be controlled as previously discussed for 
ophthalmic solutions and suspensions.’ 

After application to the eye, the ointment is retained in the 
cul-de-sac until the base melts and exposes drug particles, 
thereby delivering the drug to the tear fluid.” Although these 
preparations melt at the temperature of the ocular surface and 
disperse with tear fluid, studies in humans and rabbits have 
clearly shown that petrolatum-based ointment is retained 
longer than certain viscous vehicles such as methylcellulose 
or polyvinyl alcohol.** A first explanation is that the large 
molecules of the petrolatum—mineral oil base ointment are not 
easily removed by the lacrimal drainage system, and a second 
factor of prolonged retention is the physicochemical relation- 
ship between the ointment base and the tear film. The fact that 
ointment bases and the tear film both have nonpolar oil com- 
ponents may allow oil bases to be readily absorbed by the pre- 
ocular tear film.** The overall result is that the precorneal 
disappearance rate of drugs administered in an ointment has 
been reported to be as low as 0.5% per minute,” and gamma 
scintigraphic studies confirmed that significant amounts of 
ointment are retained 4 hours after dosing.** 

The fact that the ointment must first melt and dissolve at the 
ocular surface implies peak drug concentration (Cmax) in the 
tear fluid to be lower and time at which peak concentration 
(Tmax) is achieved in ocular tissues to be later than when a drop 
of solution or suspension is applied.” Total bioavailability, 
however, is significantly greater than that from aqueous solu- 
tion or suspensions, since less drug is immediately lost to 
drainage.'* The prolonged residence time of ophthalmic 
ointment is particularly suitable when frequent instillations of 
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solutions or suspensions are impractical. Ointment formula- 
tions are usually administered in dosage frequencies of twice 
daily, but depending on the response to therapy, they may be 
administered as often as every few hours. When both drops and 
ointments should be used, it is suggested from experimental 
data that the eye drop should be given either before the ointment 
or at least 2 hours after ointment application to obtain the high- 
est intraocular drug concentrations.’ Ointment preparations are 
usually nonirritating and safe to use on the external eye.'? 
Although it has been repeatedly stated that the use of ointment 
delays corneal wound healing, ointment vehicles presently used 
do not appear to interfere with corneal or conjunctival wound 
healing. Ointment use, however, should be avoided in eyes with 
impending corneal perforations or deep or flaplike corneal lac- 
erations before or during intraocular surgery because of the irri- 
tative properties of white petrolatum and mineral oil.3+!° 
Disadvantages of ophthalmic ointment application include 
imprecise dosing and formation of a film on the cornea, which 
partially obstructs vision.* 


Viscous Eye Drops and Gels In the early 1970s, it appeared 
that the limited preocular residence time of aqueous oph- 
thalmic solutions could be corrected at least in part by increas- 
ing the viscosity of the vehicle with the addition of 
methylcellulose, a hydrophilic polymer.*> Then, attempts to 
increase ocular residence time of eye drop formulations via 
enhanced viscosity became a popular strategy in the early 
research stages of ophthalmic drug delivery, and science 
developed around the use of viscosity enhancers that were 
often hydrophilic polymers, such as various cellulose deriva- 
tives, polyvinyl alcohol, and polyvinyl pyrrolidone. These 
research efforts led to a significant body of literature demon- 
strating that these polymers can prolong precorneal residence 
time and improve ocular bioavailability of hydrophilic drugs. 
Experimentally, it was determined that the improvement in 
ocular drug delivery reached a maximum level at a viscosity 
of about 12 to 15 cps and that higher viscosity formulations 
caused ocular irritation with an increase in reflex tears and 
blinks leading to rapid elimination of the instilled drug.**° 
Today, viscosity enhancers such as hydroxypropylcellulose 
and polyvinyl alcohol continue to be included in some oph- 
thalmic solutions and suspensions, but their function is more 
for patient or reasons of bioadhesion than for viscosity 
enhancement.*°*? 

Gel formation is an extreme case of viscosity enhancement 
through the use of natural gums, hyaluronic acid, polyacrylic 
acids, or cellulosic components such as sodium car- 
boxymethylcellulose.* Polyacrylic acid derivatives, including 
carbopols and polycarbophils, are appropriate for use as vehi- 
cles in ophthalmic formulations. Both are polymers of acrylic 
acid, but carbopols are cross-linked with allyl sucrose, while 
polycarbophils are cross-linked with divinyl glycol. An 
example is carbopol 934P, which has a molecular weight of 
3,000,000 Da and is readily soluble in aqueous solutions.** 
The use of ophthalmic gels as a vehicle for hydrophilic drugs 
can enhance drug penetration and reduce the frequency of 


administration, The improvement of drug retention at the 
ocular surface is due to both the increased viscosity and the 
bioadhesive properties of these high-molecular Weight 
molecules. In addition, hyaluronic acid and polyacrylic acig 
derivatives exhibit a pseudoplastic behavior and do not ingly. 
ence the viscosity characteristics of the precorneal tear film 3 
Today, fusidic acid formulated with a carbopol is commercial- 
ized as an ophthalmic gel to give a long-lasting antibiotic 
efficiency. Ophthalmic gels have also been accepted as tear 
substitutes because of their prolonged residence time on the 
ocular surface. 

The concept of bioadhesion to enhance the maintenance of 
topically applied hydrophilic drugs at the ocular surface 
became a strategy during the last decade when some polymers 
used in viscous vehicles were recognized to attach to the 
mucin layer of the tear film, a property that further improves 
their retention in the preocular area.*? The mucin layer of the 
tear film can be considered as a diffusional barrier for charged 
molecules and macromolecules, and typical bioadhesive poly- 
mers have the following characteristics to adhere to mucin- 
epithelial surfaces: (a) strong hydrogen-bonding groups, such 
as carboxyl, hydroxyl, amide, and sulfate groups; (b) strong 
anionic charges; (c) high molecular weight; (d) sufficient 
chain flexibility; and (e) surface energy properties favoring 
spreading onto mucus.”*’ Negatively charged polymers have 
been found capable of good mucoadhesive performances, pre- 
sumably attributable to formation of strong noncovalent 
bonds with the carbohydrate pendant chains of the mucin mol- 
ecule.”? Polymers commonly used in ophthalmic formulations 
for their bioadhesive properties include hydroxypropyl 
methylcellulose, hyaluronic acid, carboxymethylcellulose, 
and polyacrylic acid derivatives.’ The preocular residence of 
a radiolabeled polyacrylic acid-based gel was compared in 
humans with that of saline control, using lacrimal 
dacryoscintigraphy. At 8 minutes postdosing, the label levels 
retained in the precorneal area were 7% and 42% for saline 
and carbomer, respectively. At 35 minutes, approximately 
20% of the labeled carbomer was retained at the ocular sur- 
face, suggesting stabilization of tear film for a considerable 
time.?! The mucoadhesion value determined for sodium 
hyaluronate is close to that obtained with a standard mucin- 
mucin and was found to be higher than those of Gellan, 
sodium alginate, and dextran respectively.” The high 
mucoadhesive capacity of sodium hyaluronate is explained by 
its molecular similarity to ocular mucus glycoprotein.” 
Xyloglucan is a recently identified polysaccharide from 
tamarind seed that displays mucoadhesive properties compa- 
rable to those of polyacrylic acid. Used as an ophthalmic adju- 
vant, it prolonged the precorneal residence time of timolol and 
increased its ocular bioavailability as efficiently as Gelrite, the 
reference in situ gelling vehicle.” 


In Situ Gel-Forming Systems In situ gel-forming systems 
are ophthalmic solutions that undergo gelation on contact with 
the ocular surface. Such a change in viscosity can be tri ggered 
by changes in external factors such as temperature, pH, 0! 


electrolyte concentration. A gel-forming preparation of timo- 
Jol (timolol XE) was introduced in clinical ophthalmology in 
the early 1990s. It uses a polysaccharide (Gelrite) derived 
from gellan gum, which forms a clear gel in the presence of 
mono or divalent cations found in the tear fluid.?° The corneal 
contact time of Gelrite was evaluated in healthy human 
patients by gamma scintigraphy using Technetium-99m as a 
radioactive label. Twenty-one minutes after instillation, Gel- 
rite maintained 39% of the tracer on the ocular surface, 
whereas only 12% and 17% remained at the ocular surface 
when the tracer was added to a reference solution containing 
no viscosity enhancer and to a hydroxyethylcellulose solution, 
respectively.” Thus, Gelrite is a suitable vehicle because it 
leads to an increase in residence time of topically applied tim- 
olol and allows a once-a-day administration. Gelation acti- 
vated by the tear pH of 7.2 to 7.4 or by the temperature of the 
ocular surface (~32-34°C) was also investigated experimen- 
tally. Recently, a reversibly thermo-gelling timolol, which 
changes from a solution to a gel at the temperature of the 
human eye, was studied in healthy volunteers.” This formula- 
tion was better retained at the ocular surface than was conven- 
tional aqueous timolol. 


Colloidal Systems and Emulsions Liposomes and nanoparti- 
cles are drug carrier systems evaluated for sustained drug 
release. Liposomes are small vesicles (0.01-10 (m) that 
consist of phospholipid bilayers separated by an aqueous 
compartment. Lipophilic drugs can be trapped in the lipid 
layer and hydrophilic medications in the aqueous compart- 
ment, allowing both types of medication to be delivered to the 
eye. By varying the phospholipid composition of liposomes or 
incorporating into liposomes ligands for which receptors are 
present at the ocular surface, the degree of liposome accumu- 
lation at the site of absorption, and hence the rate of drug 
release from these liposomes, can be controlled.”°* Almost 
every class of topically or subconjunctivally applied oph- 
thalmic drug has been studied in liposomal form with promis- 
ing preliminary penetration and pharmacokinetic results. 
Antibiotics, antifungals, antivirals, antiinflammatories, and 
immunosuppressives have been intercalated into liposomes of 
various composition for anterior segment use.” The results of 
these studies showed the potential of liposomes as ocular drug 
delivery systems for both hydrophobic and hydrophilic drugs, 
but it also appeared that the clinical applicability of liposomes 
would be curtailed by their limited drug-loading capacity and 
stability as well as by the expense of their large-scale manu- 
facture. 

Nanoparticles are polymeric colloidal particles ranging in 
size from 10 to 1000 nm (1m). They consist of nanospheres 
or nanocapsules in which drugs may be entrapped or onto 
which drugs can be encapsulated or adsorbed and are made of 
various polymers such as polyacrylamide and polymethyl- 
methacrylate.*’** The potential use of nanoparticles as an 
ophthalmic drug delivery system has been evaluated for vari- 
ous hydrophilic and hydrophobic drugs, including pilo- 
carpine, amikacin, betaxolol, carteolol, cyclosporine, and 
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indomethacin, loaded into or on nanospheres of different 
polymers. These studies showed that the formulations were 
maintained longer and generally produced an enhanced ocular 
absorption and pharmacological effect. One of the reasons for 
the efficiency of nanoparticles was their bioadhesive proper- 
ties. Recently, solid lipid nanoparticles (SLN) have been 
elaborated as possible carriers for various hydrophobic and 
hydrophilic drugs, which are incorporated into SLN as ion- 
pair complexes. Experimentally, topical application of 
tobramycin-loaded SLN to rabbit eyes significantly improved 
ocular bioavailability of the drug compared to standard eye 
drops. !®? 

Oil-in-water emulsions are particularly useful in the 
delivery of water-insoluble drugs. They consist of an aqueous 
phase, a lipophilic phase, and a surfactant phase with some- 
times a cosurfactant to act on the homogeneity and stability of 
the dispersed system. In the emulsion, the hydrophobic drug is 
solubilized in the internal oil phase thereby remaining in the 
preferred solution state. Ophthalmic emulsions are transpar- 
ent (blurred vision caused by oils is minimized by the water in 
the external phase) and are not very viscous because of the 
high level of dispersion of oil and water droplets.*4°”"* The in 
vitro studies of diffusion kinetics and preliminary results in 
healthy patients have shown a delayed drug release and an 
increased ocular bioavailability of the drugs which would 
result from the quick adsorption of the nanodroplets, repre- 
senting the internal phase of the microemulsification, on the 
ocular surface membranes.!?' A newly formulated 
cyclosporine ophthalmic emulsion demonstrated excellent 
pharmacokinetic properties and safety, and has recently been 
approved by the U.S. FDA for treatment of dry eye in 
humans. !°? 


Solid Delivery Devices Soft contact lenses used for the treat- 
ment of a variety of corneal diseases as a support bandage can 
also serve as nonerodible vehicles for progressive drug release 
in the tear pool. A contact lens is made with hydrophilic poly- 
mers and 50% to 75% water, and when soaked in a drug solu- 
tion, it absorbs the drug, which is then released slowly in the 
tear film when the lens is placed on the cornea.” Although 
some studies demonstrated the improved delivery of certain 
medications via presoaked contact lenses, these devices still 
represent “‘pulse-dose” drug delivery system. In addition, the 
amount of time the lens soaks, the drug concentration in the 
soaking solution, and the different properties of the soft lenses 
(polymer composition, degree of cross-linking, and lens thick- 
ness) markedly affect the amount and rate of drug delivery, 
which cannot be adequately controlled. Moreover, delivering 
high concentrations of drugs and any associated preservatives 
may also expose treated eyes and patients to a greater risk of 
toxic effects.* 

The collagen corneal shield, originally developed for use 
as a corneal bandage, began to be evaluated as a drug delivery 
system in the early 1990s. The shield is currently fabricated 
from porcine scleral tissue or bovine dermal collagen and 
contains mainly collagen type I and some collagen type III.!°° 
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Upon hydration, it softens and forms a clear, thin (~0.1 mm in 
thickness) film that conforms to the corneal surface. The 
shield undergoes hydrolysis while in place on the cornea, 
within 12, 24, 48, or 72 hours depending on the degree of col- 
lagen cross-linking determined by titrating the exposure to 
ultraviolet radiation during the manufacturing process. A col- 
lagen shield with dissolution time of 72 hours is currently 
available for veterinary use (Vet Shield, Oasis, Glendora, CA). 
The natural absorptive capacity and biodegradability of colla- 
gen have led to the use of collagen shields as sustained-drug 
delivery devices. Collagen shields have been studied exten- 
sively, and a number of investigators have, for instance, veri- 
fied their usefulness as an alternative to intensive, fortified 
topical treatment in infectious keratitis using rabbit models of 
staphylococcal, Pseudomonas or Candida albicans kerati- 
tis.!010 While the pharmacokinetics of collagen shield drug 
delivery are better understood than those of drug-soaked soft 
contact lenses, shields still have the potential to cause ocular 
toxic reactions on the basis of their pulse-dose drug delivery 
profile.?®!03 In addition, the potential role of this device in the 
treatment of certain ocular diseases remains to be assessed by 
controlled trials. Despite this lack of clinical data, a 72-hour 
shield presoaked in ciprofloxacin (3 mg/mL) is currently in 
use with satisfying results for the treatment of bacterial kerati- 
tis in humans, !°° 

Ophthalmic inserts are solid or semisolid devices, the size 
and shape of which are designed for application in the lower 
fornix. Their main objective is to deliver medication at the 
ocular surface by sustained-release mechanisms.'°> They have 
been classified as erodible (soluble) or nonerodible (insolu- 
ble) inserts. The best known nonerodible ocular insert is the 
Ocusert, a diffusional system designed for controlled release 
of pilocarpine for 7 days in humans, but it is presently with- 
drawn from the market.'° Soluble inserts are made from 
biodegradable polymers, the physicochemical characteristics 
of which are described in the current literature.!°!°° Drug 
release occurs by gradual dissolution of the polymer matrix, 
which takes place by either hydrolysis or enzymatic erosion, 
eliminating the need for removing the implant after complete 
drug release.'> From a pharmacokinetic standpoint, the 
advantages of an ocular insert delivery system include con- 
stant delivery rate, which means zero-order pharmacokinetics 
(see Fig.7.1.3), and prolonged drug residence time in the tear 
fluid. These properties were illustrated by studies in rabbits 
showing that the precorneal residence time of gentamicin var- 
ied from 5.1 to 21.9 hours when the drug was administered 
with different soluble ophthalmic inserts made of various cel- 
lulose derivatives, compared to 0.08 hours when the drug was 
instilled as standard eye drops.'®” Similarly, an experimental 
gelatin-based (Gelfoam) ocular insert containing phenyle- 
phrine (1.7 mg) and tropicamide (0.6 mg) induced a larger and 
longer-lasting mydriatic response than that produced by eye 
drops with equivalent amounts of both drugs.!°* Ocular bio- 
erodible minitablets containing cipofloxacin have been recently 
evaluated in human patients. The formulation had prolonged 
drug release properties and was considered advantageous for 


the therapy of bacterial keratitis in people.'” A PVA/EYq) 
silicone-coated drug reservoir—type system has also been eya]. 
uated in horses for sustained release of ciprofloxacin. It wag 
well tolerated, and the predicted length of drug delivery to the 
ocular surface was approximately 14 days.'' As discussed 
previously, ocular inserts might favor the intraocular absorp. 
tion of some topically applied drugs, such as the B-blockers 
via the noncorneal route.''! The disadvantages of ocular 
inserts include difficulty of placement, risks of loss, and 
mechanical irritation. 


Improvement of Corneal Absorption 


There are two main approaches for enhancing corneal transfer 
of topically applied drugs. The first approach is to modify the 
physicochemical properties of the drug through prodrug 
derivatization, and the second is to increase transiently the per- 
meability of the corneal epithelium. The latter can be accom- 
plished by exposing the epithelium to appropriate substances 
known as penetration enhancers or absorption promoters, 


Ophthalmic Prodrugs To overcome the resistance to transport 
of hydrophilic drugs across the corneal epithelium, a prodrug 
approach can be considered. Prodrugs are defined as pharmaco- 
logically inactive derivatives of drug molecules that are chemi- 
cally or enzymatically converted to the active parent drugs.’ 
Ophthalmic prodrugs are usually lipophilic esters or diesters of 
parent drugs that easily penetrate the corneal epithelial barrier, 
where they are enzymatically converted by esterases to permit 
access of the active moiety to the anterior chamber.**!!” An ideal 
ocular prodrug should be stable and soluble in aqueous solutions 
to enable formulation, sufficiently lipophilic to pass the corneal 
barrier, well tolerated, and capable of releasing the active moiety 
within the eye at a rate corresponding to the therapeutic need.* 
Steroids were perhaps the first class of ophthalmic drugs to 
which prodrug concept was applied, since the acetate prodrugs 
of dexamethasone and prednisolone were designed to improve 
corneal absorption and were found to increase the antiinflam- 
matory efficiency by a factor of 1.5 to 2.0 compared to their 
parent drugs.** Dipivalyl epinephrine (or dipivefrin), devel- 
oped as an epinephrine prodrug in the late 1970s, is formed by 
esterification of the hydroxyl groups of the epinephrine mole- 
cule. The major advantage of dipivefrin is that a 10-fold lower 
dose has a therapeutic effect comparable to that produced by 
epinephrine, with a significant lowering of systemic side 
effects and reduction of dose.* Recently, various prodrugs of 
prostaglandin F, (PGF, ) for topical use have been developed 
to improve corneal penetration and decrease side effects asso- 
ciated with the autacoid activity of the PGs. These ester pro- 
drugs readily penetrate the corneal epithelium, where they ar 
hydrolyzed to a free-acid moiety that reaches the anterior sêg- 
ment of the eye to exert a potent ocular hypotensive effect.!™ 


Penetration Enhancers Several promoters have been devel 
oped to enhance the absorption of topically applied drugs 
through the cornea. Surface-active absorption enhancers, 
including preservative agents and medium-chain fatty acids, at? 
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believed to increase the permeability of the epithelial cell mem- 
branes, while calcium chelators act principally on the tight 
junctions. However, most penetration enhancers have been 
shown to affect both transcellular and paracellular penetra- 
tion. +? As discussed previously, a number of preservatives are 
included in ophthalmic solutions and suspensions for sterility 
reasons. Benzalkonium chloride, a quaternary ammonium, is 
the prototype of the surfactant-type preservatives; it is the most 
frequently used in commercial eye drops because of its rapid 
bactericidal efficacy and low toxicity under properly controlled 
conditions, and it shows the highest promoting effect on corneal 
drug penetration of currently used preservatives.'* Benzalko- 
nium chloride at concentrations as low as 0.001% enlarges 
intercellular spaces in the superficial layers, thereby facilitating 
the corneal absorption of drugs that utilize the paracellular route 
but also form polar defects in the lipid layer of the cell mem- 
branes leading to increased penetration of drugs.*8**4 The sur- 
factant effect of benzalkonium chloride accounts for these 
effects but also for its potential epithelial toxicity. Electron 
microscopical studies revealed that even after short-term appli- 
cation, 0.01% benzalkonium chloride impairs the cell mem- 
branes of the outer layer of the corneal epithelium, inducing 
focal exfoliation of the superficial cells.'!> This is in agreement 
with in vitro experiments showing that benzalkonium chloride 
is cytotoxic to rabbit and canine corneal epithelial cultured cells 
at concentrations of 0.01 to 0.0003%.!!®!!7 When used on a 
chronic basis, benzalkonium inhibits epithelium adhesion, 
causes loss of superficial epithelial layers, delays the healing of 
epithelial defects, and induces significant histopathologic and 
inflammatory changes in the ocular surface and possibly in 
deeper ocular structures.!!8 The space between corneal epithe- 
lial cells with intercellular junctions, which represents the bar- 
rier for the paracellular route, can also be transiently expanded 
by chelating agents, such as edetic acid (EDTA), and by 
sodium salts of medium-chain fatty acids, such as caprylate 


„and caprate that enhance the corneal penetration of 


hydrophilic compounds.**!'? Capric acid, which affects both 
cell membranes and tight junctions and forms ion-pair com- 
plexes with cationic drugs, was reported to significantly 
increase the corneal permeability of hydrophilic B-blockers 
such as atenolol, tilisolol, and carteolol.'*° Other compounds 
evaluated as potential ocular penetration enhancers 
included sodium dodecyl sulfate, saponin, bile salts, and 
cyclodextrins.**? As discussed previously, cyclodextrins were 
initially evaluated to increase the solubility of a wide variety of 
hydrophobic compounds in order to formulate these drugs as 
ophthalmic solutions.”° Because a decrease in toxicity of the 
drug—cyclodextrin complex was observed in parallel, cyclodex- 
trin complexation was further proposed as to enhance corneal 
permeability and improve ocular bioavailability of hydrophobic 
drugs. For instance, complexation of a poorly water-soluble 
drug such as dexamethasone with 2-hydroxypropyl- 
B-cyclodextrin was associated with a large increase in the drug 
bioavailability in human eyes compared with the commercially 
available 0.1% dexamethasone.'?) In light of current data, it 
seems that this approach would be beneficial to enhance ocular 
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penetration of poorly water-soluble drugs but does not seem to 
afford a real improvement for hydrophilic drugs." A recent 
strategy for the formulation of ocular delivery systems is to 
associate a penetration enhancer and a viscosity enhancer to 
overcome both the corneal epithelial barrier and the lacrimal 
drainage. For instance, sustained-release formulations of 
ciprofloxacin with dodecylmaltoside as penetration enhancer 
and hydroxymethylcellulose or carbopol as viscous vehicle 
delivered 10-fold more drug into the aqueous humor than the 
standard solution formulation. '7* 


Periocular and Ocular Injections 
Subconjunctival Injection 


Subconjunctival administration may be indicated for infec- 
tious or inflammatory conditions of the cornea and anterior 
segment because of the expected high and/or sustained drug 
levels that can be achieved in these ocular structures. Whether 
a high level or a sustained effect is achieved depends on the 
drug formulation. This route of administration provides thera- 
peutic drug levels for 8 to 12 hours after a single injection of a 
water-soluble drug and for up to 2 to 3 weeks with drugs in 
suspension, such as the acetate formulations of corticos- 
teroids.' Depending on the nature of the ocular disorder, sub- 
conjunctival injections may be used as a supplement to 
frequent eye drop dosing or to reduce the need for frequent 
instillation of drops. They are also indicated during the imme- 
diate postoperative period of some intraocular surgical proce- 
dures. Generally, the subconjunctival route is more relevant 
for hydrophilic drugs because they have not to pass through 
the cornea and conjunctiva, which are rate-limiting barriers 
for these drugs." Subconjunctival injections should be 
administered below the bulbar conjunctiva or Tenon’s capsule 
for optimal efficacy. 

Several mechanisms have been proposed to explain the 
movement of drugs from the subconjunctival injection site to 
the anterior segment of the eye: (a) the drug may diffuse directly 
into the cornea and sclera and penetrate the anterior chamber or 
underlying tissues; (b) the drug may regurgitate through the 
conjunctival hole produced by injection and then mix with tears 
before entering the eye transcorneally, and (c) the drug may be 
absorbed into conjunctival blood vessels and enter the general 
circulation before returning to anterior uvea.'™* Studies in rab- 
bits suggest that a significant amount of the drug injected by the 
subconjunctival route is absorbed by the conjunctival vascula- 
ture and is systemically available.'*° In dogs, the systemically 
available fraction of methylprednisolone acetate is sufficient to 
develop systemic effects such as adrenal suppression.'”° 
Although it is generally assumed that subconjunctival adminis- 
tration delivers higher drug concentrations to anterior ocular 
structures than to posterior structures,*° recent data suggest that 
effective intravitreal drug concentrations can be achieved after 
subconjunctival injection and most likely result from direct dif- 
fusion through the sclera.'7’ 

Subconjunctival administration of liposome-entrapped 
drugs, such as 5-fluorouracil, cyclosporine, gentamicin, and 
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tobramycin, has been experimented by various investigators in 
order to provide prolonged residence time of therapeutic drug 
levels in the anterior segment of the eye. Although promising 
results were observed in animals, this method of drug delivery 
to the eye is not clinically applied so far.'*8 In animal studies, 
liposomal agents were detectable in the cornea, sclera, retina, 
and choroid for as long as 7 days after subconjunctival injec- 
tion, a finding that might result in less frequent dosing.” 


Retrobulbar and Peribulbar Injections 


Retrobulbar and peribulbar injections are used to introduce a 
drug into the orbital cavity. The drug then diffuses rapidly 
through the orbital tissues and the back of the eye.* Several 
techniques have been proposed and compared. !?? 

Nowadays, retrobulbar or peribulbar injection is used only 
for regional anesthesia in veterinary ophthalmology.!*° 
Retrobulbar anesthesia is used as an adjunctive procedure in 
ocular surgery to reduce nystagmus and enophthalmos.!*? 
Lidocaine 0.2% and bupivacaine 0.5% can be combined for 
rapid and long-lasting effects.'3! Potential complications of 
retrobulbar block include globe perforation, optic nerve 
injury, extraocular muscle injury, and orbital hemorrhage.!°? 
When retrobulbar injection is used to produce exophthalmia 
for increased surgical exposure of the globe, it may result in 
increased intraocular pressure.!*° 


Intracameral Injection 


Injection or irrigation of the anterior chamber is mainly indi- 
cated in two situations: during surgery to control] hemorrhage 
or pupil size and in the management of advanced intraocular 
infection. Tissue plasminogen activator (tPA) and carbachol 
can also be administered intracamerally at the completion of 
cataract surgery in the dog. Local intolerance results in 
corneal endothelial damage with corneal edema and damage 
to the iris and lens. 


Intravitreal Injection 


The vitreous body is an avascular gel-like medium in which 
drug delivery by the vascular route is generally low because of 
the blood-ocular barriers and tight junctions of the retinal pig- 
ment epithelium, which severely restrict the passage of drugs 
from the blood flow to the vitreous humor. Similarly, thera- 
peutic drug levels cannot be achieved into the posterior pole of 
the eye after topical application because drug transfer from 
the anterior segment is slow and reduced.'*? Consequently, 
direct administration of a drug into the vitreous cavity can 
provide effective concentrations at the target site and is gener- 
ally required in threatening posterior segment diseases in 
humans, such as bacterial endophthalmitis, macular edema, 
and intraocular proliferation.!** In veterinary ophthalmology, 
the potential hazards of the procedure have actually limited 
its use to the chemical ablation of the ciliary epithelium in 


end-stage glaucomatous eyes and less frequently to the 
treatment of infectious endophthalmitis. The safety of the 
drug and its concentration reaching the retina must be taken 
into account to avoid toxicity. Common clinical practice is tp 
deliver the desired dose of the drug in 0.05 to 0.10 mL of solu- 
tion, using a microsyringe.!? After placement in the midvitre. 
ous, drugs diffuse readily through the vitreous humor 
following a brief initial equilibration period, and then are lost 
by first-order kinetics via the anterior or the posterior route, !36 
Elimination of intravitreal drugs by the anterior route follows 
a diffusion pattern that moves the drug around the lens to the 
anterior chamber, whereas a retinal pump mechanism has 
been described for active transport of drugs out of the retina 
and then direct elimination into the systemic circulation, 
Drugs that leave the vitreous humor via the anterior chamber, 
such as the aminoglycoside antibiotics, exhibit vitreal half-life 
of about 20 to 30 hours.'*” In contrast, posterior-route drugs, 
such as cephalosporins, are transported actively across the 
retina by a peptide carrier and have a short half-life that ranges 
from 2 to 10 hours.*>!°* In fact, the half-life varies with the 
molecular weight of the compound, and as most of the intray- 
itreally administered drugs in solution have a molecular 
weight less than 500 Da, their half-life is likely to be shorter 
than 3 days.'*° The half-life of drugs in vitreous humor may be 
affected by factors such as the presence of inflammation and 
infection, the presence or absence of lens, and the lipophilicity 
of the administered drug.*>!*9 

Because intravitreal injections in humans are painful and 
not convenient for frequent administration, an approach for 
prolonged delivery of intraocular drugs is administration of 
crystalline formulations, or systems such as liposomes, 
microspheres, or implantable devices. These delivery sys- 
tems have been in evaluation for the last 15 years to provide 
constant (zero-order kinetics) and sustained release of the 
drug within the vitreous cavity with a single administration, 
and they offer an alternative to multiple intravitreous injec- 
tions. It has been reported that incorporating drugs into lipo- 
somes increases half-life, and because fewer intravitreal 
injections are required, the toxicity is diminished.'*° Triamci- 
nolone acetonide, which is in a suspension form, has a half- 
life of approximately 19 days after intravitreal injection in 
human eyes that have undergone vitrectomy.'*! Numerous 
animal studies have shown that when drugs entrapped within 
liposomes are injected, therapeutic vitreous concentrations 
are achieved during a longer period, with less toxicity and 
superior clinical efficacy than free-drug administration. This 
was notably demonstrated for liposomal preparations of peni- 
cillin, gentamicin, clindamycin, amphotericin B, and ganci- 
clovir.”” The potential usefulness of microspheres made of 
polymers of lactic acid or copolymers of lactic and glycolic 
acid and loaded with drugs for delivery by intravitreous injec- 
tion has been investigated in animal models of diverse human 
vitreoretinal diseases and offered promising results.” 
Furthermore, because liposomes and microspheres can bé 
phagocytosed by the retinal pigment epithelium (RPE) cells 


when injected into the subretinal space, the possibility of 


targeting drugs to RPE cells is presently being assessed.”!43 


Implantable Devices 


Some implantable matrices and devices have been specifically 
designed to deliver drug to intraocular structures. Systems 
investigated were implanted beneath the bulbar conjunctiva 
into the anterior chamber or vitreous cavity. In the horse, 
nonerodible microosmotic pumps implanted subconjuncti- 
vally were well tolerated and allowed effective delivery of 
atropine during the 7 days they were in place.'“* The Oculex 
Drug Delivery System (DDS; Oculex Pharmaceuticals, Sun- 
nydale, CA) is a biodegradable drug delivery system to which 
any variety of drugs can be bound; it provides sustained drug 
release after it is inserted into the eye at the completion of 
intraocular surgery. It consists of a drug plus a matrix of lactic 
acid and glycolic acid copolymer, which is extensively used as 
a resorbable suture material under the trade name of Vicryl. 
Surodex is a DDS formulation containing 60 pg of dexam- 
ethasone designed to be implanted into the anterior chamber. 
This device was experimentally shown to deliver drug in the 
anterior chamber at constant rate (zero-order pharmacokinet- 
ics) over 7 days.'*> Inserted in the anterior chamber or the 
ciliary sulcus of human eyes undergoing phacoemulsification, 
the system was found safe and clearly superior to 0.1% 
dexamethasone eye drops in reducing postsurgical inflamma- 
tion.!4>.!4° A recent experiment in rabbits, using a DDS formu- 
lation containing 0.5 mg of cyclosporine, demonstrated that 
following implantation of the device in the anterior chamber, 
the drug was recovered at high concentrations in all layers of 
the cornea over a 3-month period.!47 

Various implantable devices were considered as promising 
delivery systems to be used in the treatment of posterior 
segment ocular diseases. Initially, the devices were implanted 


~ in the vitreous cavity, but recently it became apparent that 


transscleral delivery could be an effective method of achiev- 
ing therapeutic drug concentrations in the posterior segment 
of the eye.!*8 

An intravitreally implanted system has been used clinically 
in humans with severe uveitis.'4!°° This biodegradable 
device is implanted into the vitreous through the pars plana to 
produce constant (zero-order pharmacokinetics) and long- 
lasting drug levels that diffuse into the vitreous body and are 
delivered to the retina-choroid. It was calculated that with 
such a system containing either 2 mg or 15 mg of fluocinolone 
acetonide and with a constant drug release of approximately 2 
g/day, the duration of drug delivery to the posterior segment 
will be 2.5 and 18 years, respectively. !°° 

Biodegradable implant or scleral plugs, as well as non- 
biodegradable implant designed to be inserted in a scleral 
pocket, are currently under investigation to deliver corticos- 
teroid, antiviral drugs, or immunosuppressive agents to the 
posterior segment. These systems were shown to be effective 
in different animal models of human vitreo-retinal diseases 
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and might represent useful systems for sustained drug 
delivery to the retina-choroid.!>!-!> 

Devices for sustained release of cyclosporine into intraocu- 
lar tissues have been developed for long-term control of 
equine recurrent uveitis (ERU) with minimal owner mainte- 
nance. A polyvinyl alcohol/silicone-coated intravitreal 
cyclosporine implant was first evaluated,'>’ but owing to some 
side effects, a new device to be inserted suprachoroidally is 
presently under development and seems promising in the 
management of ERU. !56 


Systemic Administration 


Diffusion of drugs present in the systemic circulation to 
intraocular sites is severely curtailed by the blood—ocular bar- 
riers. A large number of studies in humans and rabbits that 
measured drug concentrations in aqueous and vitreous humor 
after systemic administration indicated that lipophilicity, 
molecular weight, and protein binding are determinants of 
drug penetration through the blood-ocular barriers.* These 
studies were mostly dedicated to the research of intraocular 
penetration of systemic antibiotics and corticosteroids. 
Hydrophilic drugs such as penicillins and cephalosporins are 
thought to penetrate poorly into the aqueous humor of nonin- 
flamed eyes,'**!°° while lipophilic drugs, such as chloram- 
phenicol, may achieve high levels in the eye after systemic 
administration. '** It should be noted that protein binding is not 
an absolute determinant of drug penetration into the ocular tis- 
sues, since many drugs that have low protein binding in serum 
penetrate poorly across the blood-eye barrier, and others that 
are highly protein-bound in serum may diffuse more easily 
into the eye. For example, penicillins show low protein bind- 
ing in serum (20%-30%), yet ocular penetration is poor with 
normal doses. In contrast, chloramphenicol serum protein 
binding is about 50% to 60%, yet ocular penetration is far 
superior.'™ In fact, it is more accurate to state that the rate of 
drug transfer from the serum across the blood—eye barrier is 
enhanced as the free fraction in the serum increases, while the 
extent to which the drug will ultimately penetrate is deter- 
mined by pharmacokinetic parameters related to its systemic 
distribution. Factors that induce breakdown of the blood- 
ocular barriers, such as ocular inflammation, ocular infection, 
and ocular trauma, promote intraocular penetration of system- 
ically administered drugs.*° Induction of a low intraocular 
pressure by compression with an ocular reducer balloon is 
also able to induce temporary changes in the blood—aqueous 
barrier and was experimentally found to improve the intraocu- 
lar penetration of systemic drugs.'®! 
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Chapter 7 


Clinical Pharmacology and Therapeutics 


Part 2: Antimicrobials, Antiinflammatory Agents, 


and Antiglaucoma Drugs 


Alain Regnier 


ANTIMICROBIALS 


Antibacterial Agents 


Periocular and ocular structures are uniquely predisposed to 
infection by a variety of bacteria. Although some ocular 
infections may be self-limiting, most should be treated to 
shorten the clinical course of the infection and reduce the 
likelihood of complications that may lead to irreversible 
ocular damage. 


General Considerations 


The first principle of antibacterial therapy is that the use of 
antibacterial agents must be restricted to situations in which 
they are necessary. It is clear that indiscriminate use of 
antibacterials encourages the development of drug-resistant 
bacteria.! Thus, selection of the cases requires a thorough 
diagnostic evaluation in order to decide if the encountered dis- 
ease will benefit from antibacterial therapy. Rational antibac- 
terial therapy depends on the choice of an agent with 
appropriate spectrum of activity and ability to penetrate the 
site of infection in concentrations effective against the 
causative bacteria. The decision to use an antibiotic in a given 
situation must also take into account its potential risk of toxic- 
ity. Result of the therapy depends on effective treatment 
modalities, including early initiation of treatment and ade- 
quate administration route and treatment duration. Antibiotics 
can be chosen empirically or specifically. Empirical use of an 
antibiotic should be reserved for minor ocular infections that 
may not warrant the expense of laboratories analyses. For 
those infections that may threaten the vision, there is no sub- 
stitute for isolation and sensitivity testing. Antibiotics are 
divided into bactericidal agents that destroy bacteria and bac- 
teriostatic agents that inhibit bacterial multiplication. Many 
bacteriostatic drugs may become bactericidal when present in 
high concentrations, as may occur with fortified topical oph- 
thalmic medications.” Bactericidal agents must be preferred 
for the treatment of patients with impaired host defenses 
because efficacy of bacteriostatic agents is more dependent on 
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the natural defense mechanisms. The sulfonamides, trimetho- 
prim, the tetracyclines, chloramphenicol, and the macrolides 
are bacteriostatic agents, while all others antibiotics are 
bactericidal agents. The simultaneous administration of two 
antibacterial agents may provide an additive or synergistic 
effect and may therefore be necessary for treatment of mixed 
bacterial infections, enhancement of therapeutic activity, and 
therapy of severe infections. However, combination of two 
antibiotics may also produce the opposite effect. Should a 
combination of antibiotics not commercially available be 
used, they must be carefully chosen because some combina- 
tions are antagonistic when systemically administered or are 
incompatible when topically used in the same container. 


Antibiotic Classes 
Penicillins 


The penicillins are bactericidal, and their spectrum of activity 
is largely determined by their molecular structure. Natural 
penicillins (G and K) are mainly active against Gram-positive 
and Gram-negative cocci and some Gram-positive bacilli. 
Efficacy of the penicillinase-resistant penicillins (oxacillin, 
cloxacillin) is aimed directly against penicillinase-producing 
strains of Gram-positive cocci, particularly Staphylococcus 
spp., whereas aminopenicillins and carboxypenicillins (ampi- 
cillin, amoxycillin, carbenicillin, ticarcillin) have a more 
extended bacterial spectrum against Gram-negative microor- 
ganisms than do the natural penicillins. Combination with 
penicillinase inhibitors such as clavulanic acid and sulbactam 
extend their spectrum of activity to many penicillinase- 
producing isolates of Staphylococcus. 

The poor liposolubility of penicillin G restricts its passage 
through blood-ocular barriers, whether given intramuscularly or 
injected subconjunctivally in the noninflamed canine eye.’ In 
humans, penicillin G is used in the form of fortified drops for 
treating corneal ulcers caused by penicillin-sensitive staphylo- 
cocci, streptococci, and micrococci.’ In cattle, therapeutic drug 
concentrations can be achieved for 32 to 56 hours at the ocular 
surface after topical application of sodium benzylpenicillin, pro- 
caine penicillin, or benethamine penicillin ointment preparation, 
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as well as after a single application of a slow-release ophthalmic 
formulation of procaine benzylpenicillin.*° Although subcon- 
junctival injection of procaine penicillin can maintain therapeu- 
tic concentrations in the bovine tear fluid for 40 to 67 hours, it 
was reportedly not able to control spontaneous infectious bovine 
keratoconjunctivitis (IBK) caused by Moraxella bovis.” In 
sheep. low drug levels were detected in tears after subcutaneous 
administration of procaine penicillin.? Although studies on the 
preocular residence time of topical benzathine cloxacillin led to 
divergent results in cattle,°'° application of intramammary 
forms was reported to be clinically effective for treating natu- 
rally occurring IBK.'! Penicillin G and ampicillin can be used 
topically and/or subconjunctivally in horses for the prophylaxis 
or treatment of streptococcal keratitis.!? In cats, oral clavulanic 
acid-potentiated amoxicillin was found to be as effective as 
oral doxycycline in the treatment of the acute chlamydial 
conjunctivitis, using an experimental model of the disease. °? 
Ticarcillin, a carboxypenicillin with extended Gram-negative 
bacterial spectrum, has shown high in vitro efficacy against 
Gram-positive bacteria isolated from equine eyes with 
bacterial keratitis.'* Ticarcillin may be formulated for topical or 
subconjunctival use. 


Cephalosporins 


The cephalosporins are broad-spectrum antibiotics closely 
related in structure to penicillins and similar in their mechanism 
of action. First-generation cephalosporins, including cefazolin, 
cefadroxil, cephalexin, and cephalothin, are active against most 
Gram-positive pathogens,*!> Cefazolin is used in veterinary 
ophthalmology for treatment of bacterial corneal ulcers either 
as part of a broad-spectrum approach or as a more specific 
action against Gram-positive cocci.4 Ophthalmic topical 
cefazolin is prepared by diluting the parenteral solution 
(100 mg/ml) in a tear substitute to a final concentration of 
50 mg/ml.'° Cefazolin penetrates the anterior chamber of the 
noninflamed eye in bactericidal concentrations after subcon- 
junctival injection in humans and rabbits!’ and after intravenous 
administration (20 mg/kg) in the dog.'* Therapeutic concentra- 
tions against most Gram-positive bacteria are achieved in the 
human aqueous humor with systemic cephradine or cefoxitin, 
which are first- and second-generation cephalosporins, respec- 
tively.'°?° Third-generation cephalosporins, such as cefatoxam- 
ine,?! ceftriaxone, 2% ceftazidime,2425 and ceftriaxone,” 
penetrate the human vitreous after parenteral administration 
and are used for prophylaxis and treatment of postoperative 
endophthalmitis.” It is usually difficult to justify the use of 
third-generation cephalosporins in veterinary ophthalmology 
because of their cost and their limited spectrum relative to bac- 
teria present in most intraocular infections in animals. 


Aminoglycosides 


The aminoglycosides are bactericidal agents active against aero- 
bic Gram-negative and aerobic Gram-positive bacteria, and their 
activity may be additive or synergistic with penicillin or 
cephalosporin antibiotics.'!° Gentamicin and tobramycin have 
very similar antibacterial and pharmacokinetic properties. They 
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are primarily used by topical routes, subconjunctival routes, or 
both, and are best recommended for treatment of bacterial 
corneal infections, particularly those caused by Pseudomonas 
aeruginosa. Netilmicin, a derivative of gentamicin available as 
an ocular formulation in some countries, has an antibacterial 
activity similar to that of gentamicin and tobramycin.” Topical 
aminoglycosides are indicated for established infection rather 
than prophylaxis in order to limit the emergence of bacterial 
resistance. Conflicting results have been published regarding the 
prevalence of antibiotic resistance found in microbial isolates 
associated with equine bacterial keratitis. In a first retrospective 
study, results indicated that resistance to gentamicin and 
tobramycin of Streptococcus equi and Pseudomonas aeruginosa, 
isolated from cases of equine bacterial keratitis, had significantly 
increased over the past 10 years,” whereas a more recent investi- 
gation documented no resistance to gentamicin and tobramycin 
among the isolates of Pseudomonas aeruginosa identified 
between 1993 and 2004 in horses with bacterial keratitis.” Gen- 
tamicin and tobramycin are available as topical ophthalmic solu- 
tions (3 mg/ml), but tobramycin is also presented as an 
ophthalmic ointment.* Topical application of concentrated 
preparations (13.6 mg/ml) of gentamicin can achieve corneal 
concentrations that may be bactericidal for almost all 
Pseudomonas strains?™®™?! but is unable to produce therapeutic 
levels in aqueous of noninflamed eyes.*°?! Similarly, fortified 
eye drops of tobramycin (14.5 mg/ml) can be prepared for treat- 
ment of severe bacterial keratitis.’ Effective drug concentrations 
in both cornea and anterior chamber can be achieved after sub- 
conjunctival administration of gentamicin and tobramycin.***° 
After subconjunctival injection of 20 to 40 mg gentamicin, thera- 
peutic concentrations are achieved in human aqueous humor 
within 2 hours and for 24 hours.™*35 Systemic absorption of the 
drug is not reported after topical application but has been 
observed after subconjunctival injection.” This finding should 
be taken into account when treating very smal] animals, particu- 
larly if they are old and possibly have renal problems. Penetra- 
tion of gentamicin into inflamed vitreous after subconjunctival 
injection also has been attributed to direct penetration through 
the sclera as well as to hematogenous carriage.” Conjunctival 
hyperemia, edema, or both, are sometimes associated with sub- 
conjunctival injection of gentamicin. Parenteral administration 
of gentamicin or tobramycin achieves only low drug concentra- 
tions in the anterior segment*”*"? and is not potentially useful 
for treating bacterial infections of the cornea. When using gen- 
tamicin, clinicians should be aware of incompatibility with sul- 
fonamides and chloramphenicol. 

Kanamycin is effective against Moraxella bovis, and its 
subconjunctival administration may be considered to treat 
IBK despite the short duration of therapeutic concentration in 
tear fluid observed after drug administration.*? 

Neomycin is a common component of topical ophthalmic 
preparations because it is bactericidal against many staphylo- 
cocci and Gram-negative microorganisms. Topically applied, 
neomycin penetrates the canine cornea only if the epithelium 
barrier is altered.* Allergic reaction of the conjunctiva may 
occur with its prolonged use. 


290 e SECTION II: Foundations of Clinical Ophthalmology 


Amikacin is effective against most gentamicin-and 
tobramycin-resistant Gram-negative bacilli.4 Topical applica- 
tion may provide therapeutic corneal levels but achieve only 
subtherapeutic concentrations in the anterior chamber.” 
Subconjunctival injection produces the highest levels in aque- 
ous humor but is unable to achieve consistent bactericidal 
concentrations.” After parenteral administration, amikacin 
does not penetrate aqueous humor and vitreous sufficiently to 
reach therapeutic concentrations.*!*” Because amikacin is the 
least toxic aminoglycoside to the retina, its intravitreal admin- 
istration was suggested as a component of bacterial endoph- 
thalmitis therapy.” 


Tetracyclines 


Tetracyclines are bacteriostatic antibiotics with a wide spec- 
trum of activity against Gram-positive and Gram-negative 
organisms, including Moraxella bovis as well as most strains 
of Mycoplasma and Chlamydia. By contrast, Pseudomonas 
aeruginosa is rarely responsive to tetracycline, and resistance 
of staphyloccoci and streptococci is increasing. Tetracycline 
suspension and ointment, oxytetracycline (combined with 
polymixin B) ointment, chlortetracycline ointment, and tetra- 
cycline hydrochloride ointment are available for topical 
ocular use.’ In cattle, a single subconjunctival injection of a 
long-acting oxytetracycline formulation may produce thera- 
peutic concentrations in tears for 72 hours.“ Although the 
long-acting oxytetracycline formulation administered intra- 
muscularly to calves did not achieve therapeutic levels in 
tears,“ it was found relatively successful in treating IBK 
caused by Moraxella bovis.>“*° The modified tetracyclines, 
doxycycline and minocycline, are more lipophilic than the 
parent tetracycline and penetrate relatively well the eye after 
systemic administration.*’“’ Using experimental models of 
Chlamydia psittaci infection in cats, different studies have 
demonstrated that oral administration of doxycycline (5 
mg/kg every 12 hours or 10 mg/kg once a day) is clinically 
and microbiologically more efficient to control the disease”? 
than is topical 1% chlortetracycline ointment or 1% fusidic 
acid viscous drops.°! Presently, oral doxycycline is the 
preferred treatment of chlamydial conjunctivitis in cats not 
only because of its efficiency but also because the systemic 
therapy can eliminate the organisms from extraocular sites 
gastrointestinal and urogenital tracts), which act as reservoirs 
for Chlamydia.*! Oral administration of doxycycline in cats 
should be accompanied either by a water or food swallow to 
minimize the risk of oesophagitis and oesophageal stricture, 
which is a complication of this therapy.” In the dog, intra- 
venous infusion of 10 mg/kg doxycycline hyclate diluted in 60 
mL of lactated Ringer, and infused over 30 minutes, can give 
intraocular levels that might be therapeutic against Rickettsial 
infections for at least 6 hours.* The potential for intraocular 
penetration of doxycycline has also been recently evaluated in 
horses.> In this experiment, doxycycline was given orally to 
healthy horses at a dose of 10 mg/every 12 hours, and drug 
concentrations were measured in aqueous and vitreous 
samples. At steady-state serum concentration (<1 pg/mL) 


achieved with repeated administrations, the drug concentra. 
tions observed in the aqueous and vitreous humors were 
very low and considered ineffective against most leptospira| 
isolates. 


Chloramphenicol 


Chloramphenicol is effective against a wide variety of Gram. 
positive and Gram-negative organisms, including most strains 
of Mycoplasma and Chlamydia, but Pseudomonas spp. are 
usually resistant to this antibiotic. After topical administra. 
tion, chloramphenicol readily diffuses in the canine anterior 
chamber only if there is disruption of the epithelial barrier? Jy 
vitro studies on enucleated ovine eyes indicated that among 
topical formulations, ophthalmic ointment appears to provide 
higher chloramphenicol levels in the cornea and aqueous 
humor than does an eye drop preparation.*° It seems from 
results of a recent investigation that the prevalence of chlo- 
ramphenicol resistance found in strains of Streptococcus equi 
isolated from cases of equine bacterial keratitis is still very 
low.” Although systemic absorption of the drug has been 
documented after topical administration in cats, it did not 
produce aplastic anemia over a 3-week period of treatment. 
Chloramphenicol is antagonistic to erythromycin. 


Polypeptide Antibiotics 


Polymyxin B, bacitracin, gramicidin, and vancomycin have a 
narrow antibacterial spectrum. The primary activity of baci- 
tracin, gramicidin, and vancomycin is against Gram-positive 
bacteria, while the antibacterial spectrum of polymyxin B is 
restricted to Gram-negative bacteria. The combination 
polymyxin B-bacitracin-neomycin is widely used for treat- 
ment of nonspecific infections of the ocular surface because it 
is bactericidal, inexpensive, and available under numerous 
trade names as both ointments and solutions. Polymyxin B 
and bacitracin do not penetrate the anterior segment of the 
intact canine eye following topical administration.? Van- 
comycin is not currently available as an ophthalmic prepara- 
tion, but a topical solution can be prepared by diluting the 
parenteral solution 1:4 in a tear substitute to a final concentra- 
tion of 50 mg/ml.!° Administered by the intravitreal and/or 
parenteral routes, vancomycin is considered a drug of choice 
in the initial treatment of acute endophthalmitis caused by 
Gram-positive pathogens.“ 


Fluoroquinolones 


Fluoroquinolones are bactericidal against a wide range of 
Gram-negative and a number of Gram-positive aerobes. 
They also possess significant activity against Mycoplasma 
spp. and Chlamydia spp." The fluoroquinolones initially 
available for topical administration included norfloxacin, 
ciprofloxacin, ofloxacin, and levofloxacin ophthalmic solu- 
tions. Ciprofloxacin is also available as an ointment.°? The 
topical fourth-generation fluoroquinolones moxifloxacin and 
gatifloxacin were approved in 2003 for ocular indications.” 
Because of their spectrum of activity and apparent lack of 
toxicity, the topical fluoroquinolones have become first-line 


vireo lecular Pa 


| 
i 
| 


| 
| 
| 


antibiotics for the initial treatment of bacterial keratitis in 
people.” Their microbiologic efficacy has been demonstrated 
in experimental models of pseudomonal and staphylococcal 
keratitis.'“° Topically applied, ofloxacin has higher corneal 
penetration and ability to exceed the MIC,, of ocular 
pathogens than topical ciprofloxacin, as demonstrated in 
humans,° and more recently in dogs.“ Norfloxacin oph- 
thalmic solution also demonstrated high potency to penetrate 
the nonulcerated human cornea after topical application. 
Topical fluoroquinolones are mostly indicated in dogs and 
horses for the treatment of severe corneal infections due to 
sensitive organisms, particularly aminoglycoside-resistant 
Pseudomonas spp. and should be dictated by susceptibility 
testing results.°° In a recent in vitro experiment, all Strepto- 
coccus equi and Pseudomonas aeruginosa isolated from bac- 
terial equine keratitis were susceptible to ciprofloxacin.” A 
serious complication observed in human bacterial keratitis 
treated with topical ofloxacin is an increase in corneal perfora- 
tion, but to our knowledge this side effect has not been 
reported in veterinary ophthalmology." The cause is 
unknown, but experimentally ofloxacin, ciprofloxacin, and 
norfloxacin have been shown to have significant antiprolifera- 
tive and cytotoxic effects on stromal keratocytes.®* As wide- 
spread use of antibiotics facilitate the emergence of resistant 
bacteria, routine use of topical fluoroquinolones in animals 
for treating superficial ocular infections that are not vision- 
threatening conditions (e.g., conjunctivitis) should be discour- 
aged. Several studies in humans have demonstrated that 
systemic fluoroquinolones, such as ciprofloxacin, ofloxacin, 
pefloxacin, and levofloxacin, are able to achieve therapeutic 
levels in ocular fluids.®-7? In the dog, intravenous administra- 
tion of marbofloxacin (4-5 mg/kg) may lead to aqueous drug 
concentrations that are above the MIC, for most pathogens 
with the exception of Streptococcus spp.” 

Parenteral enrofloxacin may be associated with generalized 


_ retinal degeneration in some cats when the drug is adminis- 


tered at a dosage higher than that recommended by the manu- 
facturer (5 mg/kg q 24 hours). Older cats (>12 years) appear 
to be more often affected than younger cats (<9 years) by this 
side effect. The estimated incidence is 0.0008%, which means 
one out of 122,414 cats.”4 Clinically, blindness often results, 
but some subjects may regain vision with discontinuation of 
the drug.” Fundoscopic abnormalities are characterized by 
gray discoloration with tapetal hyperreflectivity, initially 
observed in the area centralis and then by generalized attenua- 
tion of retinal blood vessels.” Changes in the electroretino- 
gram with significant decrease in a- and b-wave amplitudes 
are present and may precede fundoscopic changes.” Histolog- 
ical examination of affected retinas revealed that rod photore- 
ceptors first degenerate before atrophy of the outer retina 


develops.’ Following the report on the possible association 


between enrofloxacin and retinal atrophy in cats, other veteri- 
nary-labeled fluoroquinolones were evaluated in postapproval 
Studies for their potential to induce retinal degeneration in 
cats.” When a 3% oral liquid formulation of orbifloxacin was 
given to cats at doses ranging from 15 to 75 mg/kg every 
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24 hours for 30 days, retinal changes characterized by focal 
tapetal hyperreflectivity and minimal photoreceptor degenera- 
tion on histology were identified only in subjects receiving 
45 and 75 mg/kg, which are dosages largely exceeding the 
approved dose range of 2.5 to 7.5 mg/kg.’* Marbofloxacin 
was also evaluated at doses up to 20 times the recommended 
dose, and no clinical and histologic lesions were found in the 
eyes of the treated animals.” 


Lincosamides and Macrolides 


Although structurally distinct, clindamycin, a lincosamide 
antibiotic, and erythromycin, a macrolide antibiotic, have the 
same action on the 50S ribosomal subunit, and their spectrum 
of action is mainly Gram-positive bacteria. Clindamycin is a 
chlorinated analogue of lincomycin; its activity against Toxo- 
plasma gondii is of particular interest in ophthalmology. 
Although a possible clindamycin-induced decrease in the 
antitoxoplasmic activity of phagocytic cells has been sug- 
gested by experimental data in cats,” oral clindamycin at a 
dosage of 25 mg/kg daily, for 14 to 42 days, is currently rec- 
ommended in the treatment of ophthalmic signs of toxoplas- 
mosis in cats.*° Erythromycin, available in some countries as a 
0.5% ophthalmic ointment, is active against Chlamydia and 
Mycoplasma spp. A high efficiency against Gram-positive 
organisms isolated from infected equine eyes was demon- 
strated and suggests that erythromycin might be an appropri- 
ate first-choice antibiotic for treating equine keratitis caused 
by Gram-positive pathogens.*! Azithromycin is structurally 
related to erythromycin but has a better activity against Gram- 
negative pathogens and some other pathogens, notably Borre- 
lia burgdorferi and Bartonella henselae.* It is administered to 
cats at a usual dosage of 50 mg daily for 21 days to treat the 
ocular forms of Bartonella henselae infection.® The drug, 
available in 250-mg tablets and in a 40-mg/mL fruit-flavored 
oral suspension, should be prepared in a liver- or fish-flavored 
suspension, in capsules or palatable chewable treats, in a 
50-mg dose to be administered to cats.® 


Sulfonamides 


Topical ophthalmic preparations of sulfonamides include 
sodium sulfacetamide and sulfisoxazole. They are uncom- 
monly used in veterinary ophthalmology because of effective 
and readily available alternative topical antibiotics. They are 
indicated for treating staphylococcal blepharitis in humans, 
but local hypersensitivity and photosensitivity reactions may 
occur with their topical application.*** Trimethoprim-sulfadi- 
azine administered orally in the dog can maintain concentra- 
tions in aqueous humor and vitreous greater than the MIC of 
many susceptible microorganisms and may be indicated to 
begin empirical treatment of bacterial endophthalmitis. Ker- 
atoconjunctivitis sicca (KCS) is a side effect observed in 
about 4% of dogs taking systemic sulfonamides.*° There is no 
significant association between the type, dosage, and duration 
of sulfonamide treatment. In horses, no significant decrease 
in tear production was identified in animals treated with 
30 mg/kg of trimethoprim-sulfadiazine for 8 weeks.*’ 
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Fusidic Acid 

Fusidic acid is a steroidal antibiotic effective against a wide 
range of Gram-positive organisms and particularly staphylo- 
cocci. It is available as a 1% ophthalmic gel. Pharmacokinetic 
studies in the cat eye have shown that a single topical applica- 
tion of this formulation results in drug concentrations in the 
tear fluid above the MIC,, for Staphylococcus species for 
24 hours.** In addition, experimental data in the rabbit indi- 
cate that topical fusidic acid penetrates the intact and abraded 
cornea, resulting in corneal levels well above the MIC for 
staphylococci and streptococci.*? Good corneal penetration 
and absence of local toxicity make this topical preparation 
suitable for the control of Gram-positive infections of the 
ocular surfaces. 


Routes of Administration 


After an antibiotic has been selected for use, based on its spec- 
trum of activity and pharmacologic behavior within the eye, 
the clinician must determine which route of administration 
will best ensure an effective concentration of drug at the site 
of infection. Antibiotics can be administered topically, sub- 
conjunctivally, intraocularly, and systemically. Selection of 
one or more methods of drug delivery is determined by the site 
and severity of the infection. 


Topical Administration 


Topical application of antibiotics is the route of choice for 
treating most palpebral, conjunctival, and corneal infections, 
as well as infections of the nasolacrimal system. The topical 
treatment of ocular surface infections is preferred because the 
antiinfective agent may be given in a relatively small dose 
while achieving therapeutic drug concentrations at the site of 
infection. For instance, there is experimental evidence that 
topical application of ophthalmic antibiotic solutions or oint- 
ments is more effective in eliminating bacteria from the 
cornea than are periocular and intravenous routes of adminis- 
tration.” In contrast, topical medication alone is unable to 
improve or cure intraocular infections and must be used in 
conjunction with a subconjunctival, intraocular, or systemic 
antibiotherapy. 

Bacterial conjunctivitis and mild superficial keratitis are 
usually responsive to empirical treatment involving topical 
broad-spectrum antibacterials such as polymyxin-bacitracin- 
neomycin, chloramphenicol, tetracycline, or gentamicin 
applied 3 to 4 times daily.?! The antibiotic concentration of 
commercial eye drops is usually effective for treatment of 
these ocular infections but may be insufficient for progressive 
bacterial ulcers of the cornea that require aggressive antimi- 
crobial chemotherapy based on knowledge of the identity of 
the infecting bacteria and susceptibility to available antimi- 
crobials.?! In these cases, initial topical therapy may be 
oriented by the Gram stain of corneal smears, as illustrated 
in Table 7.2.1. To be efficient, the specific antibiotherapy 
should produce high concentrations in the cornea by frequent 


Table 7.2.1. Selection of Initial Antibiotics on the Basis of 
Smear Morphology 
a 
| Gram Stain Suggested Antibiotics 
Gram-positive cocci Bacitracin 500U/g, 
Staphylococcus spp. chloramphenicol 
Streptococcus spp. 0.5%, gentamicin 


0.3%, cefazolin 3.3%, 
erythromycin, 
vancomycin 3% 


Gram-positive rods Chloramphenicol 0.5%, 


Corynebacterium spp. bacitracin 500U/g, 
Bacillus cereus erythromycin 0.5%, 
carbenicillin 
Gram-negative cocci Bacitracin 500U/g, 
Neisseria spp. penicillin G (100,000 
U/mL) 


Gram-negative rods 
Pseudomonas aeruginosa 
Escherichia coli 
Proteus spp. 


Gentamicin 1.0 to1.4%, 
tobramycin 1.4%, 
amikacin 3.3%, 
ciprofloxacin 0.3%, 
ofloxacin 0.3%, 
norfloxacin 0.3% 


applications of highly concentrated solutions.”””? In horses, a 
subpalpebral tube delivery system is necessary to provide 
such a frequent topical administration.”*° For antibiotics not 
available as ophthalmic drops or ointment, topical solutions 
may be prepared by mixing the parenteral preparation of the 
drug with artificial tears.* Topical delivery of “fortified” con- 
centrations of antibiotics is also a common practice when a 
severe bacterial ulcer of the cornea is present.?! Fortified 
antibiotic ophthalmic solutions are prepared by adding a small 
volume of a parenteral antibiotic preparation to the dropper 
bottle of the equivalent topical antibiotic. Suggested concen- 
trations of fortified antibiotics used for topical treatment of 
infectious ulcerative keratitis in small animals and horses are 
presented in Table 7.2.2. The potential for local toxicity 
should also be considered before administration is decided, 
since some data suggest that frequent administration of 
commercial or fortified antibiotic solutions may cause toxic 
conjunctivitis, punctate superficial keratopathy, or delay 
corneal re-epithelialization..° The effects of gentamicin, 
tobramycin, chloramphenicol, ofloxacine, and ciprofloxacine 
on corneal epithelium have been determined using rabbit and 
dog corneal epithelial cultures.: In these studies, gentam- 
icin was found more toxic to corneal epithelium than 
tobramycin was at similar concentrations of 0.05 to 2.0 
mg/L.°’’ The effects of gentamicin on corneal epithelium are 
often tolerated for the therapeutic benefit derived from its use, 
but because it causes slower healing rates, the possibility that 
it may delay corneal epithelium healing after topical applica- 
tion should be considered when using commercial prepara- 
tions in the prophylactic treatment of corneal epithelial 
defects and fortified formulations in the curative treatment of 
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Table 7.2.2 Fortified and Noncommercial Antibiotic Solutions for Topical Ophthalmic Use 


Concentrations of Commercial Concentrations of 
Antibiotic Eye Solutions Formulated Eye Solutions Shelf Life 
Amikacin N/A 10 mg/mL 30 days 
Carbenicillin N/A 4-8 mg/mL 3 days 
Cefazolin N/A 50 mg/mL 4 days 
Gentamicin 3 mg/mL 14 mg/mL 30 days 


corneal bacterial ulcers.’ Data from in vitro studies also 
showed that ofloxacin was more toxic to the corneal epithe- 
lium than were the aminoglycosides,” and conversely that 
ciprofloxacin was less toxic to the corneal epithelium than 
were the aminoglycosides and the other fluoroquinolones.” 
At the opposite of the in vitro data, an in vivo evaluation of the 
kinetics of corneal epithelium regeneration in rabbits demon- 
strated that gentamicin at a concentration of 3 mg/mL did not 
delay the healing of experimental epithelial ulcers. '® 


Subconjunctival Injection 


The ability to deliver effective concentrations of antibiotics to 
the anterior segment of the eye (cornea, iris, aqueous humor) 
by subconjunctival injections is supported by experimental 
data.” A comparison of topical and subconjunctival routes of 
treatment for bacterial corneal ulcers has shown that subcon- 
junctival administration produces transiently high antibiotic 
levels in the cornea and that concentrations after 8 hours are 
similar to those achieved by hourly topical applications.” 
Thus, subconjunctival injection may be indicated when there 
is a need to obtain high tissue concentrations of antibiotics in 
emergency management of acute anterior segment infection, 
and as such, it may be used as part of the antimicrobial therapy 

_in ulcerative and nonulcerative bacterial keratitis in conjunc- 
tion with topical antibiotic administration.” The subconjunc- 
tival route was found equivalent to retrobulbar injection in 
penetrating inflamed vitreous humor and may be considered 
as an adjunctive therapy in the treatment of bacterial endoph- 
thalmitis.> Subconjunctival injections of antibiotic are rec- 
ommended every 12 to 24 hours, but repeated injections 
expose the conjunctiva to an inflammatory reaction.”! Par- 
enteral formulations of chloramphenicol and tetracycline are 
not well tolerated by the subconjunctival route and should be 
avoided. Table 7.2.3 presents the recommended dosages for 
subconjunctival antibiotics. 


Intravitreal Injection 


Injection of antibiotics in the vitreous cavity is a mainstay in 
treatment of bacterial endophthalmitis in human patients. In 
veterinary ophthalmology, this technique has not gained wide 
acceptance because it requires expertise and carries the risk of 
iatrogenic lesion to the retina. Most often, it is used as a 
salvage procedure when response from subconjunctival and 


Table 7.2.3 Suggested Dosages for Subconjunctival Antibiotics 


Antibiotic Dosage (mg) 
Amikacin 25-1125 
Ampicillin 50-100 
Carbenicillin 100 
Cephalotin 100 
Cefazolin 100 
Gentamicin 10-40 
Methicillin 20-100 
Tobramycin 20-40 
Vancomycin 25 


systemic routes of administration is poor.?! Antibacterial 
concentrations in the vitreous humor can be maintained for 
48 hours after a single intravitreal injection of netilmicin 
(500 jrg/0.1 ml), piperacillin (2,000 wg/0.1 ml), and ampi- 
cillin (2,000 jxg/0.1 ml).! 


Systemic Administration 


In small animals, systemic antibiotics are given primarily for 
infections of palpebral soft tissue, bacterial orbital cellulitis, 
and retrobulbar abscess. Bacterial ulcers with contamination 
of the anterior segment should also be treated with adjunctive 
systemic antibiotherapy. The dosages are the same as for other 
severe infections. Orbital cellulitis and abscess formation 
require systemic antibiotic administration with adjunctive 
removal of the initiating factor and establishment of surgical 
drainage. Most animals respond favorably to a systemic 
broad-spectrum antibiotic such as amoxicillin-clavulanic acid 
administered for 10 days. The parenteral administration of a 
carefully selected antibiotic can also be helpful in bacterial 
endophthalmitis. As a general rule, those antibiotics with low 
protein binding and high lipid solubility penetrate better the 
intraocular tissue and humors following systemic administra- 
tion.” By altering permeability of the blood—-ocular barriers, 
intraocular inflammation enhances penetration of systemic 
antibiotics into the eye.” Pharmacokinetic data indicate 
trimethoprim-sulfadiazine as a drug of choice in the dog.* In 
reference to human data, it appears that parenteral administra- 
tion of cephalotin or cefamandole is potentially useful in 
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Gram-positive infections.'°? For Gram-negative infections, 
the intravenous drugs of choice may be ceftazidime and cefti- 
zoxime.'? In food animals, the systemic administration of 
sulfonamides or the long-acting oxytetracycline formulation 
may be considered for the treatment of infectious keratocon- 
junctivitis.! 


Antiviral Agents 


Nucleoside analogues and interferons are currently used in 
veterinary ophthalmology, chiefly for treating feline her- 
pesvirus ocular disease. These compounds operate on the viral 
replication cycle, and nucleosides analogues have a common 
target: viral DNA polymerases. Drugs currently used are viro- 
static in nature and are unable to eradicate latent viral infec- 
tion. 


Drug Outline 
Pyrimidine Nucleoside Analogues 


Idoxuridine, trifluridine (or trifluorothymidine), and bro- 
movinyldeoxyuridine belong to the pyrimidine nucleoside ana- 
logue class of compounds. Structurally, they all are S-substitutes 
analogues of 2-deoxythymidine, the natural precursor of DNA 
synthesis. '°° Idoxuridine is no longer commercially available as 
an ophthalmic preparation but can be compounded as a 0.1% 
ophthalmic solution or a 2.5% ophthalmic ointment.! Trifluri- 
dine is marketed as 1% ophthalmic drops. Both drugs have 
low solubility, and their intraocular penetration is low unless 
the epithelial barrier is altered.'°’ Idoxuridine and trifuridine 
were found highly effective against some strains of feline 
herpesvirus-1 (FHV-1) in vitro.! 


Purine Nucleoside Analogues 


Vidarabine, or adenine arabinoside, is effective against several 
DNA viruses, notably the herpesviruses. Administered topi- 
cally as a 3% ointment, vidarabine has been reported to be as 
effective as idoxuridine in the treatment of herpetic keratitis in 
humans! but does not show cross-resistance to idoxuri- 
dine.'°’ The commercial formulations are no longer available, 
but a 3% ophthalmic ointment and a 1% ophthalmic suspen- 
sion can be compounded. !°° 

Acyclovir is a guanine derivative of vidarabine that is 
selectively phosphorylated by herpesvirus thymidine kinase 
and then acts as a competitive inhibitor of the incorporation of 
deoxyguanosine triphosphate into DNA. Preferential inhibi- 
tion of the synthesis of viral DNA, as opposed to normal cellu- 
lar DNA, results in minimum toxicity to uninfected normal 
cells.'”’ In vitro testing has shown that acyclovir is less active 
against FHV-1 than idoxuridine, trifluridine, and the new 
purine analogue compounds (ganciclovir, cidofovir, penci- 
clovir).!°*! Acyclovir is available as a 5% ophthalmic oint- 
ment in polyethylene base and as oral and parenteral 
preparations.''® In the cat, administration of acyclovir at 
50 mg/kg does not achieve plasma concentrations susceptible 
to inhibit FHV-1.''' Such therapeutic concentrations can be 
obtained with repeated administrations of valacyclovir 


(60 mg/kg), a prodrug of acyclovir, with 2.3 times greater 
systemic availability than the parent drug in cats. However, 
this dosage regimen can be toxic to the kidneys and bone mar- 
row!!! and was unable to suppress viral replication in cat, 
experimentally infected with FHV-1.!!? 

Ganciclovir, cidofovir, and penciclovir are new com. 
pounds. Ganciclovir and penciclovir are closely related to 
acyclovir, while cidofovir is a cytosine analogue. Their jy 
vitro antiviral efficacy was recently assessed using cultured 
feline kidney cells infected with FHV-1.!!° By comparing the 
mean inhibitory concentration 50 (IC,,) of the drugs, it was 
concluded that the antiviral effect of ganciclovir and idoxuri- | 
dine is equivalent and is about twice that of cidofovir and pen- | 
ciclovir.''? Efficacy of cidofovir against FHV-1 was further 
confirmed in vitro using feline corneal epithelial cells for viral 
cultures, but cytotoxic effects were observed at all drug con- 
centrations tested.''4 Although cidofovir could represent an 
interesting compound for treating cats with ocular-induced 
FHY-1 disease, its long half-life of elimination, which could 
allow less frequent application than other antiviral drugs,!!3 
necessitates further study to evaluate the clinical relevance of 
the cytopathic effect observed in vitro.!'4 
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Foscarnet 


The pyrophosphate analogue, foscarnet, inhibits the her- 
pesviruses, including cytomegalovirus, by selective inhibi- 
tion of the DNA polymerase without requiring phosphorylation 
to achieve this effect.''> Foscarnet is used as monotherapy 
or combined with ganciclovir for the treatment of cyto- 
megalovirus retinitis in human patients with acquired immun- 
odeficiency syndrome.''® Its in vitro activity against FHV-1 is 
very limited: approximately four times less than that of 
acyclovir.! 


Interferons 


Interferons (IFNs) are a group of related glycoproteins that 
form part of the cytokine family. They differ in biological and 
chemical properties, cell origin, inducing agent, and anti- 
genicity, and are divided into two major classes: the type I and 
type II IFNs. Type I IFNs are subdivided into four subfamilies, 
termed IFN-a, IFN-8, [FN-@, and IFN-t (trophoblast IFN).!!7 
Members of the type I IFN superfamily are related to each 
other structurally, while IFN-y, the only type I interferon, has 
no structural homology with type I IFNs. Virus, bacteria, and 
protozoa are common biological causes of type I IFN induc- 
tion in a large number of cell types, while antigens, bacteria, 
and protozoa can lead to IFN-y production by T lymphocytes 
or NK cells.!!’ Type I IFNs bind to the same basal receptor but 
exhibit different patterns of receptor interaction and signal 
transduction that lead to different biologic activities, among 
which are the actions on virus replication cycle.!!* In cells 
exposed to IFNs, the antiviral effects are primarily mediated 
by IFN-induced proteins, which, depending on the virus and 
host cell, interact with various steps in the virus life cycle. For 
instance, IFNs affect transcription and release of mature 


virions of herpes simplex virus.''7''? In addition to their 
induction of antiviral proteins at the cellular level, IFNs also 
stimulate the immunological defenses, notably the immune 
cell-mediated lysis of virus-infected cells.!!7 

Because they represent components of the natural defense 
to virus infections, IFNs offer a potential approach to treat- 
ment of viral disease. Preparations of recombinant human 
IFN-a and IFN-f are currently available for parenteral admin- 
istration, and a recombinant feline IFN-@ has recently been 
marketed for veterinary use.'*? At concentrations ranging 
from 10? to 10° UI/mL, human recombinant IFN-a did not 
manifest cytotoxic effects on feline corneal epithelial cells 
cultured in vitro.'*! A modest but significant reduction in 
replication and spread of FHV-1 within infected feline corneal 
epithelial cells was observed when the concentration of 10° UI 
of recombinant IFN-o/mL was added to the culture 
medium.!2! Human recombinant IFN-c was found to be syn- 
ergistic with acyclovir against FHY-1 in cell cultures.!?? The 
“\ctivity of the recombinant feline IFN-@ was recently 
assessed on healthy cats using expression of the Mx-protein in 
conjunctival and white blood cells. The Mx-protein is induced 
at the transcription level by IFN-@ and confers resistance to 
the viral infection. Mx-protein expression in conjunctival cells 
was observed after topical application in the eyes but not after 
oral administration of the IFN. After topical application, the 
biologic effect was apparently dose-dependent and long-last- 
ing for a concentration of 500,000 U of IFN-a/mL."'” 


L-Lysine 
Current recommendation of oral supplementation with lysine 
in cats with FHV-1 ocular disease was initially transposed 
from early reports claiming that the supplement lysine could 
prevent or relieve herpes simplex infection.'** This recom- 
mendation was recently supported by results of in vitro and in 
vivo experiments with FHV-1.'7>-!” In cell cultures, arginine 
—has a growth-promoting effect on FHV-1, but attenuation of 
virus replication can be obtained by supplementing viral cul- 
ture medium with lysine. The effect of lysine on FHV-1 repli- 
_ Cation in vitro appeared dependent of the lysine—arginine ratio 
available to the virus and was optimally observed when lysine 
was added to media containing low concentrations of argi- 
nine.!™ The clinical applicability of arginine reduction in the 
diet is not advised in cats because it results in increased blood 
levels of ammonia, so oral administration of lysine has been 
proposed as a logical means of controlling FHV-1 infec- 
tion.!7°!°7 Using experimental models of FHV-1 infection, it 
was observed that oral administration of 500 mg of lysine 
every 12 hours lessened the severity of herpetic conjunctivitis 
in cats!*? and that a once-daily dose of 400 mg given to 
cats latently infected with FHV-1 reduced viral shedding 
secondary to changes in housing and husbandry but not to 
corticosteroid administration.'”’ The current recommendation 
of using dietary lysine supplementation in an attempt to sup- 
press FHV-1 infection and reactivation is based on these 
experimental data but has not been assessed by controlled 
clinical trials. 
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Other Potential Antiviral Agent or Formulation 


Lactoferrin is one of the substances secreted in tears to protect 
the ocular surface against infection. This is a mammalian iron- 
binding glycoprotein with antibacterial, antifungal, antiviral, 
and antiprotozoal properties.'** In a recent experiment, bovine 
lactoferrin manifested a significant inhibitory effect on in 
vitro replication of FHV-1, presumably resulting from effects 
on FHV-1 adsorption to the cell surface, penetration into the 
cells, or both.'** The potential for lactoferrin to be used as a 
topical treatment in cats with FHV-1 ocular disease warrants 
further studies. The use of liposomes to deliver antiviral drugs 
to the eye is still in the development stages, but in vitro studies 
demonstrated a high efficacy of liposomal formulations con- 
taining 2.5% or 5% polividone iodide against herpes simplex 
virus type 1 and a better tolerance than the aqueous solu- 
tions, !”° 


Guidelines for Ophthalmic Uses 


In veterinary ophthalmology, antiviral drugs are primarily 
used to treat feline herpetic ocular disease. An in-depth 
overview of the management of ocular FHV-1 infection is pre- 
sented in Chapter 24, “Feline Ophthalmology.” Idoxuridine, 
trifluridine, and ganciclovir are considered as useful first-line 
antiviral agents for the treatment of FHV-1 epithelial keratitis 
on the basis of in vitro data.'*° Their clinical usefulness is cur- 
rently considered questionable in acute conjunctivitis without 
corneal involvement,!*° although a 2- to 3-week course of 
their topical application may help to improve conjunctival 
inflammation in severe cases.'*! It has been assumed that tri- 
fluridine should be preferred in herpetic keratitis owing to bet- 
ter corneal penetration. However, neither drug is predictably 
effective, and clinical trials concluded that the efficacies of tri- 
fluridine and idoxuridine were similar. '*? Trifluridine, idoxuri- 
dine, and ganciclovir are virostatic: therefore, to be effective, 
they must be applied frequently to the affected cornea until the 
corneal ulcers heal. Local irritation manifested by ble- 
pharospasm and conjunctival hyperemia may develop during 
treatment with every drug. In these cases, topical medication 
must be changed. Vidarabine ointment is less irritating and 
may be applied every 3 to 4 hours. 

Although in vitro data do not militate in favor of the use of 
acyclovir for the treatment of FHV-1 ocular manifestations, a 
recent clinical trial showed that when the 0.5% acyclovir oph- 
thalmic ointment is applied 5 times daily, it may improve the 
clinical signs of FHYV-1 conjunctivitis and keratitis.'** In 
refractory and severe cases, combined therapy with topical 
antiviral medication, human recombinant IFN-a, and oral 
lysine is currently used.'2°-!3! INF-a can be instilled as a 10° to 
10° U/mL solution, 2 to 3 times daily, or administered orally at 
a once-daily dose of 25 UI.'*° Based on current information, a 
dose of 500 mg lysine given twice daily with food, is recom- 
mended as a complementary therapy for both cats with acute 
FHYV-1 disease and those with chronic conjunctivitis or stro- 
mal keratitis.!°°!5! Cats with recrudescent disease episodes 
can be maintained indefinitely on 500 mg of oral lysine twice 
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daily as a long-term prophylactic measure.'*' Lysine therapy 
is inexpensive and usually well tolerated. Experimentally, 
lysine supplementation to a commercial-type cat diet was 
increased to evaluate the safety of excess lysine in cats.'*4 As a 
result of increasing dietary lysine intake, mean plasma lysine 
concentration increased, while plasma arginine concentration 
did not change, nor were clinical signs of arginine deficiency 
observed in these animals.'*4 

In the horse, topical application of idoxuridine is used in 
the treatment of the two clinical forms of the superficial punc- 
tate keratitis, which is attributed to equine herpesvirus-2 
(EHV-2) infection.'*>-'*° Vidarabine and trifluridine may rep- 
resent alternatives if idoxuridine is not available,'*>-'°° but use 
of acyclovir is more questionable due to Jack of in vitro effi- 
cacy against EHV-1.!3° 


Antifungal Agents 


Occurrence of keratomycoses and systemic mycoses is 
strongly influenced by locality, species of the patient, degree 
of exposure, and individual susceptibility. Horses seem to 
develop keratomycosis more frequently than do other species, 
and intraocular mycoses tend to be more prevalent in dogs 
than in cats, except for cryptococcosis.'*” Although treatment 
of systemic mycoses has advanced substantially with the 
introduction of new azole agents, chemotherapy of keratomy- 
cosis is hampered by the lack of antifungal preparations 
designed for ophthalmic use. Therefore, medical treatment of 
equine keratomycosis is based on use of compounded oph- 
thalmic preparations or medications approved for humans.!*’ 

In domestic animals, ocular mycoses may present as der- 
matophytic infections of the eyelids (mycotic blepharitis), 
keratomycosis, or intraocular diseases (retinochoroiditis, 
endophthalmitis) secondary to a systemic mycotic infection. 
These disorders bear no resemblance to each other, and the 
organisms involved in them are quite dissimilar. Species of 
Microsporum and Trichophyton are most frequently isolated 
from mycotic blepharitis in dogs and cats. A wide variety of 
fungi may be involved in fungal keratitis, but early and recent 
surveys have shown that the most frequent is Aspergillus in 
horses!3®-14 and dogs.'*! Fusarium, Penicillium, Cylindrocar- 
pon, Scytalidium, and Torulopsis may also be responsible of 
corneal infection in horses.'4° At the opposite, Candida albi- 
cans, a common cause of human keratomycosis, seems to be 
rare in equine and canine cases of keratomycosis. Coccid- 
iodomycosis, blastomycosis, cryptococcosis, and histoplas- 
mosis are the most common systemic mycoses that can 
present with intraocular lesions in small animals. 

Although treatment of systemic mycoses has advanced 
substantially as more drugs become available, chemotherapy 
of keratomycosis is still hampered by the lack of antifungal 
preparations designed for ophthalmic use. The principal topi- 
cal antifungals used for corneal diseases are derived, with the 
exception of natamycin, from systemically administered 
compounds. The three main groups of antifungals currently 
used in nondermatophyte infections (polyene antibiotics, 
pyrimidines, and imidazole derivatives) can be considered for 


treatment of oculomycoses. An extensive review of the 
pharmacological and clinical properties of antifungal agent, 
currently available for veterinary ophthalmology has been 
published recently. "7 


Antifungal Classes 


Currently, there are three main chemical groups of drugs for 
use in fungal eye infections: polyenes, azoles (as derivatives 
of imidazoles), and 5-fluorocytosine. !“? 


Polyene Antibiotics 


The antifungal activity of polyene antibiotics relates to their 
ability to bind to a sterol moiety present in the fungal cell 
membrane and form a polyene-sterol complex that alters the 
selective permeability of the membrane and results in leakage 
of essential intracellular components, notably potassium 


efflux. Oxidative damage to the cells also seems to be — 


involved.'*? Of the polyenes, amphotericin B, natamycin, and 
nystatin are of clinical ophthalmic use. Amphotericin B, pro- 
duced by Streptomyces nodosus, exhibits a broad spectrum of 
activity against systemic fungal infections (e.g., cyptococco- 
sis, histoplasmosis, blastomycosis, coccidioidomycosis), and 
several Candida species.'**:'* Some strains of Mucor and fila- 
mentous fungi, such as Aspergillus, are resistant. >! The 
drug is either fungistatic or fungicidal, depending on drug 
concentration and susceptibility of the fungus.''® For treat- 
ment of deep-seated mycoses, amphotericin B is administered 
systemically, but potential renal toxicity precludes widespread 
use in small animals.'* In addition, its value in intraocular 
fungal infections is restricted by poor intraocular penetration 
following parenteral administration and potential retinal toxi- 
city when administered intravitreally.4 Topically applied, 
amphotericin B penetrates the intact corneal epithelium 
poorly because of its high molecular weight (924.11 Da) but 
can reach high levels in the corneal stroma after removal of 
the epithelium.'*?'4° Topical application of a 1% solution, 
made from the commercial intravenous preparation, may pro- 
duce toxic effects such as conjunctival hyperhemia, corneal 
edema, and iritis, and may delay closure of epithelial 
defects.'*° This is linked to the combined effect of ampho- 
tericin B and of desoxycholate present as a solubilizer in the 
preparation. Concentrations from 0.075% to 0.20% ampho- 
tericin B were found to be better tolerated and effective in 
treating human and experimental keratomycoses.*!47 In 
horses, concentrations above 0.30% can be irritating to the 
eye.'*® The solution must be prepared with sterile water, 
because amphotericin B is incompatible with saline, refrige- 
ated, and kept in a dark bottle to avoid photodegradation. 
Natamycin (pimaricin) has a better spectrum of activity than 
amphotericin B and is particularly effective against Fusar- 
ium.'*'4> Natamycin is used as a 5% topical ophthalmic sus- 
pension and is not parenterally administered due to systemic 
toxicity. Like amphotericin B, natamycin penetrates the 
cornea only if the corneal epithelium is altered.'*° The suspen- 
sion often adheres to areas of epithelial defects, but topical 


emni a tater 
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Azole Agents 

Currently, there are two major types of azoles in use for treat- 
ment of fungal ocular infections: the imidazoles (i.e., micona- 
zole, ketoconazole, econazole), with two nitrogen atoms in the 
five-membered ring structure, and the triazoles (i.e., flucona- 
zole, itraconazole, yoriconazole), which were more recently 
introduced and contain three nitrogen atoms in the five-mem- 
bered ring.!"? Azole agents have a common mode of action, 
which relates mainly to their ability to increase fungal cell 
membrane permeability by interfering with the cytochrome 
p450-dependent lanosterol C14 demethylase, which leads to 
accumulation of 14-methylated ergosterol precursors in the 
membrane. '*3:!4 In addition, azole agents inhibit mitochondr- 
ial oxidative and peroxidative enzymes, resulting in accumu- 
lation of toxic intracellular products and cell death.'!°' At 
higher concentrations, they interact with the phospholipids 
present in the fungal cell wall, causing direct damage to the 
cell membrane.'** The imidazoles are also effective against 
some Gram-positive bacteria and anaerobes.''? Miconazole, 
in addition to having activity against fungi, including 
Aspergillus, Candida, Fusarium, Penicillium, and Alternaria 
organisms, is also active against Gram-positive cocci. 
Miconazole has been used topically, subconjunctivally, and 
intravenously to treat fungal infection of the cornea in 
humans,‘ although some studies failed to demonstrate benefit 
against experimental keratomycoses.!4”!":'° A 1% solution, 
prepared from the commercial intravenous preparation, is safe 
for topical application.'*! Subconjunctival injection usually is 
5 to 10 mg daily in humans.‘ Miconazole is also marketed as a 
2% dermatologic cream and a 2% vaginal cream, and it has 
been suggested these preparations may be used topically to 
treat canine keratomycosis.'*! Ketoconazole penetrates the 
cornea and aqueous humor well when given orally, topically, 
or subconjunctivally but penetrates the vitreous poorly after 
systemic administration.'47'°? A 1% solution did not signifi- 
cantly retard closure of experimentally produced corneal 
epithelial defects in the rabbit and was not irritating to con- 
junctiva or cornea.!>! Ketoconazole has been successfully 
used topically and orally in human patients with fungal kerati- 
tis.!5154 Aspergillus isolates associated with equine kerato- 
mycosis have been found similarly sensitive to ketoconazole 
and miconazole.'*? Ketoconazole-related cataractogenesis 
was recently reported in dogs treated for extended period of 
time (up to 37 months) and with dosages ranging from 6 to 30 
mg/kg daily.'°> In a recent randomized clinical trial, topical 
2% econazole and 5% natamycin appeared similarly effective 
in the management of human fungal keratitis." Fluconazole 
orally administered was shown to achieve high corneal con- 
centrations in the rabbit! and concentrations exceeding 
MICs for pathogenic fungi in feline aqueous humor.'°* Con- 
flicting results have been published on the efficacy of its oral 
administration to control fungal infection in experimental 
Aspergillus keratitis.!®™!® Topical application of the 2 mg/mL 
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intravenous solution was found effective for treating a case of 
equine Histoplasma keratitis'®' and to lessen the severity of 
corneal lesions in a rabbit model of Aspergillus keratitis.! In 
humans, the topical application of this formulation was 
demonstrated to lead to concentrations in aqueous humor that 
satisfy MICs for most of the Candida strains.'® Itraconazole 
has a broader spectrum of activity than fluconazole and is fun- 
gicidal against Aspergillus spp.*° Available in oral and intra- 
venous formulations,'* itraconazole is used for the treatment 
of histoplasmosis, blastomycosis, and certain forms of 
aspergillosis in humans.'** Oral treatment with itraconazole 
has been ineffective in reducing Aspergillus fumigatus infec- 
tion in a rabbit model of keratomycosis.!°’ In the dog, 42% of 
cases with ocular blastomycosis responded favorably to itra- 
conazole given orally (10 mg/kg daily) for 60 days.'® 
Histopathologic evaluation of canine eyes unresponsive to 
therapy revealed that intraocular inflammation and number of 
Blastomyces dermatitidis were not significantly different from 
those observed in untreated eyes.'™ On the basis of an experi- 
mental trial in the horse, it may be assumed that topical appli- 
cation of a 1% itraconazole/30% dimethyl sulphoxide 
petroleum-based ointment is well tolerated and can achieve 
high drug concentrations in the cornea.!® 

Voriconazole, a representative of the third generation of 
azole agents, is available in oral and intravenous formulations. 
It presents a better and broader antifungal activity than flu- 
conazole and is primarily used for treatment of opportunistic 
fungal infections in immunocompromised patients.'** Admin- 
istered intravitreally at a concentration up to 25 g/mL, it did 
not induce electrophysiological and histological changes of 
the retina and therefore may be indicated for the treatment of 
fungal endophthalmitis. "66 


5-Fluorocytosine 


Flucytosine (5-fluorocytosine, SFC), derived from a fluori- 
nated pyrimidine derivative, is enzymatically converted inside 
fungal cells to 5-fluorouracil that is subsequently metabolized 
to 5-fluorodeoxyuridine monophosphate, a potent inhibitor of 
DNA synthesis, and to SFUMP, which is incorporated into the 
RNA.!® Conversion of 5FC to 5-fluorouracil is limited in 
mammalian cells, and toxicity of the drug is low. The main 
effectiveness of SFC is restricted to Cryptococcus neoformans 
and some strains of Candida and Aspergillus.'** In vitro test- 
ing has shown that SFC was the least active antifungal com- 
pound against most filamentous fungi isolated from equine 
fungal keratitis," but when dictated by culture and sensitivity 
analyses, the drug may be formulated for topical use by dis- 
solving contents of oral capsules in sterile water to form 1% 
solution.© Topically applied as a 1% solution, 5FC appeared 
less effective than amphotericin B and natamycin in a rabbit 
model of Candida albicans keratitis." 


Other Antifungals 

Antiseptics such as iodides and chlorhexidine have antifungal 
properties in addition to their antibacterial activity and may be 
used when specific antifungal agents are not available.!4°'°7 
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The mechanism of action of iodides is not clearly identified but 
may be related to enhancement of host immune response.'4 
Povidone-iodine solution or Lugol’s iodine solution has been 
recommended for treatment of equine fungal keratitis.!° 
Chlorhexidine digluconate at concentrations ranging from 
0.02 to 0.2% in vitro exhibited a dose-related antifungal activ- 
ity against a wide range of Fusarium and Aspergillus iso- 
lates.'°’ Applied to human patients with fungal keratitis, a 
0.2% chlorexhidine digluconate solution was found almost as 
effective as a 1% econazole preparation in arachis oil.!°’ Silver 
sulfadiazine with a broad antibacterial and antifungal activity 
is available in several countries as a 1% dermatologic cream 
and has proved useful against keratomycosis in humans!® and 
horses.'2!57.'79 Fungal cell walls are made of some specific 
components that are not found in mammalian cells, such as 
chitin, 1,3-8-glucan, and mannan. Targeting these components 
by interfering with their synthesis represents a new approach to 
treat fungal infections. For instance, lufenuron, a chitin- 
synthesis inhibitor marketed for control of fleas in cats and 
dogs, was found effective for treating cutaneous fungal infec- 
tions in small animals.'”' In vitro, this compound failed to 
inhibit growth of an equine corneal Aspergillus isolate at 
concentrations ranging up to 64 g/mL.!” 


Ocular Uses 
Equine Keratomycosis 


Conventional therapies for horses with keratomycosis have 
been presented in several publications. !*!6%:'7°!73 Data on the in 
vitro susceptibility of fungi isolated from horses with kerato- 
mycosis suggest that natamycin, miconazole, itraconazole, or 
ketoconazole can be used for therapy.'*° Natamycin may be rec- 
ommended for the initial treatment of corneal infections caused 
by filamentous fungi (1.e., Aspergillus, Fusarium), although it is 
costly, and miconazole may be a first-line choice to treat kerato- 
mycosis caused by Candida spp.'* Natamycin is available as a 
5% ophthalmic suspension, while 1% miconazole solution and 
1-2% ketoconazole solution should be compounded to be 
administered topically or through a subpalpebral lavage system. 
Miconazole may have limited effectiveness against Fusar- 
ium,'" Candida albicans,' and Cylindrocarpon destruc- 
tans.'> As stated previously, itraconazole may be applied as a 
1% itraconazole-30% dimethyl sulfoxide petrolatum-based 
ophthalmic ointment.'’° Alternatives may be amphotericin B or 
silver sulfadiazine. Different drugs may be combined to 
enhance the therapeutic effect but should be administered sepa- 
rately to avoid chemical incompatibility.'’? Frequency of 
administration is as important as drug selection. Antifungal 
medications should be applied every 2 to 4 hours initially, with 
the frequency reduced to 6 times daily once clinical improve- 
ment is seen. Duration of treatment may vary from 3 to 8 weeks 
depending on response. Antifungal therapy is often combined 
with a broad-spectrum topical antibiotic, such as gentamicin, to 
treat or prevent secondary bacterial infection,!”’ and atropine is 
used for its mydriatic-cycloplegic properties. Experimentally, it 


has been shown that in vitro activity of gentamicin and 
tobramycin is not altered when these antibiotics are combined 
with miconazole, atropine, or both.'” Surgical procedures tg 
debride diseased tissue and protect the cornea may also be 
necessary. 


Canine Keratomycosis 


In dogs, clinical experience of topical antifungal ocular ther. 
apy is limited by the relatively low prevalence of the disease 
and the lack of controlled trials of efficacy. A recent publica. 
tion reported that natamycin and miconazole gave best results 
in dogs with corneal fungal infection. Miconazole has been 
used as topical solution (0.5% to 1%), subconjunctival injec- 
tion (2 to 3 mg daily), or topical ointment (2% vaginal prepa- 
ration).'*! Topical applications were repeated every 2 to 4 
hours until corneal lesions were healed, and adjunctive ther- 
apy included topical broad-spectrum antibiotic, atropine, and 
possibly surgical treatment. The authors suggested combined 
therapy with a topical polyene, such as natamycin, and a sys- 
temic imidazole, such as miconazole, might be most effective 
for canine keratomycosis.'4! 


ANTIINFLAMMATORY AGENTS 


Glucocorticoids 
Subcellular Effects 


It has been widely accepted that physiological and therapeutic 
effects of glucocorticoids are mediated through the cytosolic 
glucocorticoid receptor complex, which consists of one mole- 
cule of receptor protein (glucocorticoid receptor, or GR) and 
several other proteins. These receptors are present in almost 
all body cells, such as cells involved in the inflammatory reac- 
tion and those of the sclera, cornea, conjunctiva, iris, choroid, 
and retina.'”*!®° On binding of the glucocorticoids, the com- 
plex dissociates; the GR and its ligand form a dimmer that 
translocates to the nucleus, where it binds to specific hormone 
responsive elements (HREs) in the genomic DNA to subse- 
quently act as a transcription factor that turns genes on or 
off.!8!.!82 A positive modulation of gene transcription leads to 
expression of regulatory proteins bringing about the therapeu- 
tic properties of the glucocorticoids. Accordingly, a major part 
of the antiinflammatory action has been attributed to the liber- 
ation by cells under glucocorticoid influence of a protein 
termed lipocortin (Jipomodulin, macrocortin), which inhibits 
phospholipase A, and prevents release of arachidonic acid.” 
This results in suppression of the biosynthesis of eicosanoids 
produced by cyclooxygenase (COX) and lipoxygenase path- 
ways. Recent data also suggest glucocorticoids may induce 
local expression of somatostatin, which may account for their 
antiinflammatory action.'®* In contrast, the glucocorticoid- 
receptor complex may negatively regulate the transcription of 
genes encoding for proinflammatory molecules, such HS 
cytokines, metalloproteases, or nitric oxide synthase, which 1 
an enzyme expressed in macrophages and involved 1 
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cytotoxic effects and pathological vasodilatation." Expres- 
sion of COX activity is depressed in glucocorticoid-treated 
cells. suggesting glucocorticoids inhibit prostaglandin synthe- 
sis not only at the level of phospholipase A, but also at the 
level of the COX pathway.'*° Interaction of the glucocorti- 
coid-receptor complex with specific target DNAs likely 
explains why these agents diminish the expression of adhesive 
molecules for leukocytes on the surface of endothelial cells.'*’ 
The result is a decrease of endothelial cell ability to direct 
Jeukocyte traffic into inflamed tissues. Lysosomal membrane 
stabilization is a well-known, yet not clearly explained, sub- 
cellular action of glucocorticoids. This effect blocks degranu- 
lation of neutrophils, mast cells, and basophils and prevents 
release of proinflammatory substances such as proteases, his- 
tamine, and bradykinin. It has been suggested that glucocorti- 
coids may stabilize lysosomes by interfering with the cyclic 
adenosine monophosphate (cAMP) pathway.!** 


Tissue Effects 


The effects of glucocorticoids on inflammatory mediators 
account for their actions on the vascular and cellular manifes- 
tations of the inflammatory process. Because these actions are 
nonspecific, they impair almost all types of inflammation. Glu- 
cocorticoids not only inhibit the vascular and cellular 
responses characteristic of early inflammation but also sup- 
press the persistent, nonresolving changes of chronic inflam- 
mation. In acute inflammation, they achieve their vascular 
effect by decreasing vasodilation and reducing capillary per- 
meability, which result in less hyperemia and fluid exudation. 
When used for the treatment of uveitis, glucocorticoids reduce 
iris hyperemia and inhibit the passage of proteins and leuko- 
cytes into aqueous humor. The decrease in vasodilation may be 
partly due to a vasoconstrictor action on small blood vessels!” 
or to inhibition of the vasodilator effect of nitric oxide syn- 
thase.'*° Glucocorticoids are also able to inhibit the growth of 
limbal blood vascular cells that are involved in corneal neovas- 
cularization observed in various clinical situations.'"° As they 
inhibit the ability of inflammatory cells to elaborate chemotac- 
tic mediators, glucocorticoids also markedly reduce leukocyte 
recruitment into inflamed areas. Experimental studies have 
illustrated that local administration of glucocorticoids in eyes 
with corneal or uveal inflammation significantly reduces 
inflammatory cell migration to the site.'8*!?! Glucocorticoids 
also suppress the later stages of inflammation by inhibiting for- 
mation of fibroblasts and their collagen-forming activity as 
well as by reducing postinflammatory neovascularization. As a 
result, glucocorticoids are topically administrated for treat- 
ment of nonulcerative keratitis to suppress or prevent neovas- 
cular ingrowth and scar tissue formation in an attempt to 
preserve the structure and transparency of the cornea. 192 


Routes of Administration 


In the treatment of ocular inflammation, glucocorticoids may 
be administered topically, subconjunctivally, or systemically. 
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Topical application is a simple and direct method of glucocor- 
ticoid administration to the eye. This route is effective in treat- 
ing many external ocular inflammatory diseases and 
inflammations of the anterior segment. Topical glucocorticoid 
preparations are available as solutions, suspensions, or oint- 
ments. Phosphate derivatives provide a clear solution in con- 
trast to acetate and alcohol derivatives, which are less water 
soluble and are in suspensions. Experimental and human 
studies have shown that the greatest barrier to intraocular 
penetration of topical glucorticoids is the lipid-rich corneal 
epithelium, so that the lipophilic acetate and alcohol corti- 
costeroid preparations penetrate the cornea better than polar 
preparations such as sodium salts of the steroid phos- 
phate.'’>!°4 Subconjunctival injections of glucocorticoids are 
effective in achieving high drug levels in the anterior segment 
of the eye and are selected to reduce the need for frequent 
instillation of eye drops. Subconjunctivally injected glucocor- 
ticoid may penetrate the eye via the sclera, but it appears that 
much of the dose enters the anterior chamber by diffusing 
through the puncture site in the conjunctiva into the tear film 
and thereafter via passage through the cornea.'?> Drug release 
is primarily regulated by the biochemical composition of the 
glucocorticoid. Phosphate esters are water-soluble products, 
rapidly absorbed from the injection site, and short acting. 
Acetate and diacetate esters are poorly water-soluble and form 
depots when injected under the conjunctiva. A methylpred- 
nisolone acetate depot, the triamcinolone acetonide and 
diacetate suspensions, as well as the betamethasone acetate- 
sodium phosphate suspension may be administered by the 
subconjunctival route for prolonged release of steroid. 

Absorption from these suspensions is slow, thereby main- 
taining therapeutic levels for 2 to 3 weeks." However, data in 
humans suggest that a significant amount of active glucocorti- 
coid may remain up to 13 months in subconjunctival 
depots.'”” Peribulbar injection is used in humans to deliver 
glucocorticoids to the posterior segment of the eye. After 
peribulbar injection of 5 mg of dexamethasone disodium 
phosphate, drug levels with antiinflammatory potency are 
reached in the vitreous body.'* Intravitreal administration of 
triamcinolone acetonide has recently been recommended as a 
possible treatment for diabetic macular edema, proliferative 
diabetic retinopathy, chronic pre-phthisical ocular hypotony, 
chronic uveitis, and exudative retinal detachment in 
humans.'””°° In humans having received a 20 to 25 mg 
intravitreal injection of triamcinolone acetonide, the drug can 
be present in measurable concentrations in the vitreous for up 
to 1.5 years after the application.'” To the author’s knowl- 
edge, the clinical relevance of this procedure has not been 
evaluated in veterinary ophthalmology. Systemic administra- 
tion of glucocorticoids is mainly employed to treat inflamma- 
tion of orbital tissues and posterior segment of the eye, which 
are difficult to reach by other routes.'*® In humans, oral 
administration of dexamethasone (7.5 mg) was shown to 
result in an average intravitreal drug concentration with an 
antiinflammatory potency, although it is approximately 25% 
of that achieved after peribulbar injection.””! 
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Ophthalmic Uses 


Glucocorticoids are beneficial in various nonpyogenic inflam- 
matory disorders of the adnexa and globe, and their popularity 
sometimes leads to indiscriminate use. Although various topi- 
cal corticosteroid preparations have been formulated to pro- 
vide a beneficial therapeutic effect, it is possible that one 
compound may be preferred over another, depending on the 
location of the inflammation in the eye. Dexamethasone 
sodium phosphate 0.1% or bethametasone sodium phosphate 
0.1%, which are poorly absorbed by the cornea and have an 
antiinflammatory effect that is five to seven times that of pred- 
nisolone,'’> may be the drugs of choice for the treatment of 
superficial ocular inflammations, such as blepharitis, conjunc- 
tivitis, episcleritis, and noninfectious/nonulcerative keratitis. 
Prednisolone acetate 1.0% or dexamethasone alcohol 0.1% 
should be preferred for treating anterior uveitis owing to better 
intraocular diffusion. The clinical efficacy of topical glucocor- 
ticoid preparations is improved by adjusting the frequency of 
application to the severity of the inflammation. Severe inflam- 
mations may require hourly treatment, whereas mild, external 
inflammatory conditions may be controlled with two or three 
daily administrations. '**? The dose is then slowly decreased 
based on clinical improvement, since abrupt cessation of glu- 
cocorticoid administration is likely to lead to an acute rebound 
inflammation.?"> Subconjunctival injection of glucocorticoid 
may be used to control certain forms of noninfectious kerato- 
conjunctivitis, anterior episcleritis or scleritis, and anterior 
uveitis. Based on their estimated duration of action, long-act- 
ing glucocorticoids may be repeated 2 to 3 weeks apart by this 
route of administration. One potential problem with the sub- 
conjunctival administration of repository glucocorticoids is 
that a granuloma may develop at the injection site and may 
require surgical excision.” Systemic administration of 
glucocorticoids may either be combined with topical or sub- 
conjunctival therapy for treatment of severe or refractory ante- 
rior uveitis or used alone for the control of chorioretinitis, 
optic neuritis, or noninfectious orbital inflammation. Par- 
enteral glucocorticoids are currently combined with nons- 
teroidal antiinflammatory agents in horses with uveitis. In 
small animals, oral or parenteral therapy with preparations of 
short- or intermediate-acting glucocorticoids such as pred- 
nisone, prednisolone, or methylprednisolone may be used. 
Conventional protocols for systemic glucocorticoid therapy in 
small animals have been reviewed.” 


Adverse Effects and Contraindications 


Effects on Corneal Healing Treatment of certain corneal 
wounds or ulcers with topical glucocorticoids occasionally 
results in rapid stromal melting in affected areas. In vitro studies 
demonstrate that glucocorticoids increase the lytic action of 
corneal collagenase, suggesting that this effect might be 
responsible for corneal destruction in clinical conditions.” 
Therefore, topical glucocorticoids are generally considered 
contraindicated in the presence of corneal ulceration. However, 
systemic glucocorticoids have little effect on corneal healing 


processes and may be used in patients with active cornea] 
ulcer.“ Topical glucocorticoids are routinely used after 
intraocular surgery in an attempt to reduce postoperative 
inflammation. Experimental data suggest that topical 
glucocorticoid may delay corneal healing by affecting corneal 
epithelial healing rates,’ stromal keratocyte proliferation, ang 
collagen deposition.” In vitro, dexamethasone manifested legs 
cytopathic effects than prednisolone on cultured canine 
epithelial cells but was found to induce significant increase in 
proliferation, apoptosis, and necrosis of human cultured corneal 
keratocytes.”!? Whether these effects are important or not in 
veterinary ocular surgery is unknown. Nevertheless, 
postoperative corneal wound disruptions have been reported in 
small animals given glucocorticoids subconjunctivally.7"! Based 
on the aforementioned finding, dexamethasone would be the 
drug of choice when a glucocorticoid is indicated in a dog witha 
corneal epithelial defect.” 


Effects on Ocular Infections 


Glucocorticoids interfere with defense mechanisms by 
decreasing leukocyte movement from vessels to the site of 
infection and depressing macrophage phagocytosis of 
microbes.?!? Depression of the ingestive ability of monocytes 
and macrophages might result from changes in the number of 
receptors on their cell membranes and from a decreased acti- 
vation of macrophages by lymphokines and nitric oxide syn- 
thase.!85?13 As a result, glucocorticoids can potentially 
activate or exacerbate ocular bacterial, viral, or fungal infec- 
tions, and their use in management of ocular infections is still 
debated. For instance, controversy abounds over the role of 
topical glucocorticoids in the treatment of bacterial keratitis. 
Experimental models of bacterial keratitis suggested that glu- 
cocorticoid therapy does not enhance bacterial replication if 
administered concurrently with an effective bactericidal 
antibiotic.!4 If these drugs are considered in clinical settings, 
they should be used only after the causative agent has been 
identified and specifically treated. In viral infection, such as 
feline herpesvirus ocular disease, the unpredictable efficacy of 
most available antiviral agents appears to argue against using 
topical or systemic glucocorticoid therapy with antiviral med- 
ication. It has been advocated that glucocorticoid therapy 
would be justified only in the presence of severe stromal ker- 
atitis, although it is considered very risky.”!> For fungal infec- 
tions, most authors agree that glucocorticoid should be 
avoided. They enhance corneal fungal infections when admin- 
istered topically or subconjunctivally, and if combined with an 
antifungal, their deleterious effects are inversely related to the 
efficacy of the antifungal agent.2!6?!7 In horses with fungal 
keratitis or stromal abscess, the use of topical or systemic glu- 
cocorticoids, or both, is generally contraindicated.%>?!* Long- 
term topical use of glucocorticoids is believed to predispose t0 
keratomycosis in horses by interfering with local host immune 
defenses. Previous corticosteroid use was identified in 76% of 
53 equine eye with fungal keratitis.7!* It was recently docu- 
mented that the topical application of corticosteroid-antibioti¢ 
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combinations for 2 weeks in horses has no adverse effect on 
the ocular bacterial and fungal flora known to be pathogenic, 
suggesting that the role of glucocorticoids in infectious kerati- 
tis is probably not related to direct increase in the prevalence 
of known or opportunistic pathogens.” In small animals, sys- 
temic glucocorticoids are contraindicated or must be used 
cautiously in conjunction with specific antiinfective therapy in 
cases of intraocular fungal infection (blastomycosis, histo- 
plasmosis, etc.) and evolutive inflammation of the posterior 
segment associated with parasitic or infectious diseases such 
as toxoplasmosis or erhlichiosis.”° 


Other Ocular Complications 


Glaucoma, posterior subcapsular cataract, mydriasis, and cal- 
cific band keratopathy are clinically significant ocular complica- 
tions of topical ocular corticosteroid therapy in humans.”! 
Secondary open-angle glaucoma is most likely to occur after 
prolonged topical therapy with potent antiinflammatory steroids. 
Human corticosteroid-induced glaucoma appears to have a 
genetic basis and is related to a decrease in outflow facility 
resulting from an accumulation of extracellular material, resem- 
bling basement membranes, in the trabecular meshwork.” 
Increased expression of laminin and myocilin has been identi- 
fied in the trabecular meshwork cells in the presence of gluco- 
corticoids and might play a pathogenic role in the accumulation 
of extracellular matrix material in the trabecular mesh- 
work.” An in-depth overview of this topic has been pub- 
lished in the last few years.” The hypertensive effect of 
corticosteroids has recently been documented in Beagles with 
primary open-angle glaucoma and in normal cats and cattle. In 
Beagles with primary open-angle glaucoma, IOP increased by a 
mean 5 mm Hg in the treated eyes within 2 weeks of topical 
application of 0.1% dexamethasone and returned to normal 
when the treatment was discontinued.”° Healthy cats treated 
with topical 0.1% dexamethasone or 1.0% prednisolone acetate, 
as well as normal cows receiving topical 1% prednisolone 
acetate, manifested a significant increase in IOP within 2 to 3 
weeks of treatment.” These feline and bovine models of 
steroid-induced ocular hypertension were developed to provide 
clues to elucidate the role and mechanisms of steroids in devel- 
oping primary open-angle glaucoma. Steroid-induced cataract, 
although not documented in small animals, has been produced 
experimentally in cats by topical administration of dexametha- 
sone or prednisolone. In these animals, cataract development 
consisted in subcapsular opacities, observed after at least 40 
days of corticosteroid treatment and showing progressive opaci- 
fication on continuing treatment.??” The mechanisms responsi- 
ble for the cataractous changes are not clearly identified, mostly 
because of the difficulties in developing suitable in vivo and in 
vitro models for steroid cataract.’*? Decrease in lens enzymes, 
alteration in lens hydration by modulation of the Na*,K*-adeno- 
sine triphosphatase (Na*,K*-ATPase), alteration in the systems 
involved in protection of the lens from oxidative stress, and 
protein adduct formation might be involved in the pathogenesis 
of glucocorticoid-induced cataracts.”*° Posterior subcapsular 
cataract, rise in IOP, and accumulation of subretinal fluid at the 
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posterior pole of the fundus (central serous chorioretinopathy) 
have also been reported in humans in response to systemically 
administered glucocorticoids.” "73? An increase in IOP was not 
observed in healthy dogs given hydrocortisone by the oral route 
at a dose of 3.3 mg/kg every 8 hours for 5 weeks.” In calves 
receiving parenteral administration of dexamethasone (30 pg/kg 
subcutaneously twice daily) for experimental purpose, bilateral 
exophthalmos was observed after approximately 28 days of 
treatment.” Protrusion of the globes was the result of adipose 
tissue deposition in the retrobulbar area. Excess body fat was not 
detected elsewhere in the body, and the mechanism by which 
dexamethasone induced this side effect was not determined.” 


Systemic Adverse Effects 


Systemic complications after topical or subconjunctival 
administration of corticosteroids have been recognized in the 
dog but are less likely than after systemic therapy.”*>**? Their 
occurrence is both dose and duration dependent. Signs of glu- 
cocorticoid-induced hepatopathy, marked reduction in corti- 
costeroid production, and eventually alopecia may develop in 
dogs with long-term topical ocular glucocorticoid ther- 
apy.™= Repeated topical administration of dexamethasone 
ophthalmic ointment in horses was also found to induce 
detectable corticosteroid concentrations in serum and urine. 
Because the drug was detectable in urine and serum for up to 1 
day after the final application, the authors recommended dis- 
continuing topical administration of dexamethasone at least 
24 hours before competition to avoid drug detection in 
postrace samples.” Another illustration of systemic side effects 
caused by topically applied glucocorticoids is the possible 
occurrence of abortion in llamas when dexamethasone- 
containing ophthalmic ointment is given during late gestation.” 


Soft Steroids for the Treatment of Ocular Inflammation 


The need for topical glucocorticoids with efficacy comparable 
to that of currently available formulations but with fewer ocu- 
lar side effects led to the concept of “soft steroids” as safe 
antiinflammatory agents.” As discussed previously, soft 
drugs are designed to act exclusively at the desired target 
receptors and undergo a predictable transformation to an inac- 
tive metabolite. Loteprednol etabonate 0.5%, structurally sim- 
ilar to other corticosteroids, is an example of a soft steroid. It 
has high liposolubility, good intraocular penetration, and an 
improved therapeutic index due to its predictable metabolic 
inactivation.“ In clinical trials, topical loteprednol etabonate 
was effective in controlling postoperative intraocular inflam- 
mation in people who underwent cataract surgery” and was 
less prone to elevate intraocular pressure than was pred- 
nisolone acetate.” There are no data on its potential effi- 
ciency and usefulness in veterinary ophthalmology. 


Nonsteroidal Antiinflammatory Drugs 

Aspirin and aspirinlike drugs, commonly grouped as non- 
steroidal antiinflammatory drugs (NSAIDs), have been used 
for a long time to treat a wide variety of inflammatory disor- 
ders, and their clinical indications in ophthalmology have 
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been rapidly expanding during the last decade. Since their 
discovery by Vane in 1971, we know that these agents exert 
their antiinflammatory effects by inhibiting prostaglandin 
synthesis. 


Mechanism of Action 


Arachidonic acid, released from cell membrane phospholipids 
by phospholipase A,, is converted to prostaglandins via the 
COX pathway. Prostaglandin endoperoxide synthase, or 
cyclooxygenase (COX), is the enzyme that catalyzes the com- 
mitted step in the synthesis of prostaglandins (PGE,, PGD,, 
PGF, and PGL) and thromboxane A, from the precursor 
arachidonic acid. The enzyme is a membrane-bound glyco- 
protein, and recent studies have found that there are actually 
two prostaglandin endoperoxide synthase isoenzymes, 
referred to as COX-1 and COX-2. COX-1 is present in most 
tissues and promotes release of prostaglandins that regulate 
normal cell activity.“¢ In contrast, little or no COX-2 is found 
in resting cells, and the enzyme is expressed only in response 
to noxious stimuli.“° However, cardiovascular side effects 
observed in human patients taking COX-2 selective NSAIDs 
seem to indicate that certain organ systems require COX-2 
activity for physiologic function.” Prostaglandins found in 
inflamed areas are initially derived from the injured tissues, 
and as the response proceeds, prostaglandin production is 
increased by the invasion of inflammatory cells. Almost all 
ocular tissues, with the exception of lens, have the ability to 
convert arachidonic acid to prostaglandins, and PGE, is pre- 
dominant in inflammatory conditions. Atropine-resistant mio- 
sis, rise in intraocular pressure, disruption of the 
blood—aqueous barrier, vasodilation associated with vascular 
permeability in the conjunctiva and iris, and possibly corneal 
neovascularization are inflammatory effects caused by 
prostaglandins in the eye.” Leukocyte infiltration of ocular 
tissues and fluids is mediated by leukotrienes rather than 
prostaglandins.” When involved in inflammation of ocular 
tissues, prostaglandins may act directly as well as indirectly 
by synergizing with other mediators. For instance, PGE, and 
bradykinin have a potentiating effect on the breakdown of the 
blood—aqueous barrier, and PGE, produces more severe con- 
junctival edema when instilled with histamine.” 

The inhibition of COX is the enzymatic basis of the antiin- 
flammatory effect of NSAIDs. These agents specifically block 
the synthesis of prostaglandins from arachidonic acid by com- 
peting with arachidonate for binding to the COX active site of 
prostaglandin endoperoxide synthase. Aspirin, indomethacin, 
flurbiprofen, and possibly flunixin meglumine cause irre- 
versible inactivation of the enzyme, while interaction with 
ibuprofen is reversible.”°° It has been proposed that COX-2, 
the inductible isoenzyme, is the relevant target for the antiin- 
flammatory effects of NSAIDs, whereas inhibition of COX-1, 
the constitutive isoenzyme, results in the side effects of these 
compounds.”*°5! Many common NSAIDs, such as aspirin, 
indomethacin, diclofenac, and ibuprofen, inhibit both COX-1 
and COX-2, but NSAIDs with COX-2 inhibitory selectivity, 


including carprofen, meclofenamic acid, meloxicam, and 
nimesulide, have been licensed for veterinary use in North 
America and Europe during the last few years.”'*>? Recent in 
vitro experiments have established that meloxicam, tolfe. 
namic acid, and carprofen have a potent selective activity on 
COX-2 isoenzyme in dogs.?5254 


Routes of Administration and Products Available 


Topical NSAIDs have been developed to improve the ocular 
bioavailability of these compounds and diminish their sys- 
temic side effects. The NSAIDs available as topical prepara- 
tions for ophthalmic use include 1.0% indomethacin, 0.03% 
flurbiprofen, 1% suprofen, 0.1% diclofenac sodium, and 0.5% 
ketorolac tromethamine. Indomethacin 0.1% has also been 
marketed in some countries.” After topical application of 
diclofenac, high drug levels are reached in the normal as well 
as inflamed cornea, but diffusion in the aqueous humor is poor 
when the cornea is inflamed.*°° Flurbiprofen is not ocularly 
metabolized, and approximately 10% of the dose enters the 
anterior chamber when topically applied.” Ocular pharmaco- 
kinetic data in humans indicate that after topical application, 
aqueous humor levels of flurbiprofen and diclofenac are simi- 
lar and reach a maximum in about 2 hours, and that diclofenac 
remains in the anterior chamber for longer than flurbiprofen 
(7.4 hrs ys. 3.7 hrs).2** In the dog, topical application of 0.03% 
flurbiprofen prior to laser anterior capsulotomy significantly 
diminishes the anterior chamber inflammation and prevents 
the miotic response.” However, comparative study of top- 
ical 1.0% suspensions of flurbiprofen, diclofenac, tolmedin, 
and suprofen offered evidence that diclofenac is more effec- 
tive than the others in stabilizing the blood—aqueous barrier in 
canine eyes.”°! Studies in humans and dogs reported that topi- 
cal indomethacin readily penetrates the cornea and enters the 
aqueous humor sufficiently to prevent in situ prostaglandin 
synthesis and blood—aqueous breakdown.” Topical 0.1% 
indomethacin solution was as effective as topical 1% 
indomethacin suspension in preventing the increase in perme- 
ability of the blood—aqueous barrier and the miotic response 
induced by aqueous paracentesis in the dog.” In people, 
administration of 0.5% ketorolac tromethamine eyedrops sig- 
nificantly reduces ocular inflammation following cataract sur- 
gery.265 

Although subconjunctival injection of flunixin meglumine 
was found to inhibit local prostacyclin accumulation in a 
model of ocular inflammation, this route of administration 
should be avoided because it causes severe inflammation at 
the injection site.” 

Oral aspirin,” sulindac,”® and carprofen?”? as well as pat- 
enteral lysine acetylsalicylate,””' phenylbutazone,?”' flunixin 
meglumine,2”2’3 and tolfenamic acid?” have been evaluated for 
their ability to control surgical inflammation in the canine eye. 
All these agents, with the exception of sulindac, significantly 
inhibited the disruption of the blood—aqueous barrier induced by 
various experimental procedures. Parenteral flunixin meglumine 
also limited miosis associated with the irritative response of the 
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eye.” Combined administration of parenteral flunixin meglu- 
mine and dexamethasone has an additive effect at reducing the 
blood—aqueous barrier breakdown in the dog.’ 


Ophthalmic Uses and Side Effects 


Ophthalmic uses of NSAIDs include prophylactic and thera- 
peutic indications. Because the ocular inflammatory response 
associated with intraocular surgical procedures is partially 
dependent on local release of prostaglandins,””° topical or sys- 
temic NSAIDs, or both, are routinely administered before 
cataract surgery to maintain full mydriasis during surgery and 
reduce the increase in aqueous humor protein secondary to 
blood—aqueous barrier breakdown. Based on the aforemen- 
tioned data, one could speculate that topical diclofenac, 
ibuprofen, or indomethacin would be preferred for preopera- 
tive management of cataract surgery. Many protocols involv- 
ing different agents and routes of administration are suggested 
in the veterinary literature. Adding glucocorticoid, topically or 
intravenously, to the regimen significantly enhances the inhi- 
bition of surgical inflammation.”’*”’ For instance, one proto- 
col consists of administering topical 1% prednisolone acetate 
four times daily, beginning 24 hours prior to surgery. Two 
hours prior to surgery, 1% prednisolone acetate and 0.03% 
flurbiprofen are instilled every 30 minutes, and then flunixin 
meglumine (0.5 mg/kg) is administered intravenously after 
anesthetic induction.” The possible side effects associated 
with the preoperative use of topical NSAIDs include ocular 
irritation and tendency to increase intraocular hemorrhage 
during surgery.”°? They also have the potential to increase 
intraocular pressure postoperatively and should be used with 
caution in dogs predisposed to glaucoma.”’? Topical NSAIDs 
are also recommended during the postoperative period to 
reduce the postsurgical inflammation, avoiding the potential 
undesirable side effect of corticosteroids on corneal healing. 
In early reports, ketorolac and suprofen were described as not 
affecting postoperative corneal wound healing,”8°?*! while 
topical flurbiprofen was shown to decrease stromal wound 
strength.” In the last few years, corneal ulceration with stro- 
mal melting and perforation was, however, associated with 
topical diclofenac sodium and ketorolac tromethamine use in 
human patients who have had recent ocular surgery.”8*7** The 
mechanisms underlying this side effect are still unknown, but 
corneal ulceration and keratolysis induced by the generic 
diclofenac product (diclofenac sodium ophthalmic solution, 
Falcon) was shown to be associated with overexpression of 
matrix metalloproteinase-8 in the corneal epithelium of the 
treated cornea.”*> To our knowledge, such corneal problems 
associated with perioperative use of topical NSAIDs have not 
been reported in veterinary ophthalmology. Recent data sug- 
gest, however, that topical NSAID use in dogs may be associ- 
ated with delayed epithelial healing.” Systemic NSAIDs 
given pre- or postoperatively may also induce undesirable side 
effects, including gastrointestinal intolerance, hemorrhage, 
renal failure, and liver injury.>> Among the new generation 
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NSAIDs, carprofen has the least effect on renal function and 
integrity compared with ketorolac or ketoprofen when admin- 
istered to dogs before general anesthesia and hence might be 
the NSAID of choice before cataract surgery.” 

Although topical NSAIDs may be potent inhibitors of 
corneal neovascularization,?’’ their clinical usefulness for 
treatment of keratitis is not well established in human and vet- 
erinary ophthalmology. Experimental data suggest that topical 
1.0% indomethacin is more effective than 0.1% diclofenac 
and 0.03% flurbiprofen in controlling acute corneal inflamma- 
tion.?** In humans, noninfectious keratitis may represent indi- 
cations for topical application of NSAID, as it has been 
observed that they may exacerbate bacterial corneal infec- 
tions.?® Topical NSAIDs should not be considered as ideal 
substitutes for topical glucocorticoids in cases of infectious 
keratitis because of their variable effects on ocular infection. 
For instance, flurbiprofen is comparable to dexamethasone in 
its ability to worsen experimental acute herpetic keratitis,” 
whereas ketorolac tromethamine does not exacerbate the 
course of herpetic ocular infection.””! In the clinical setting, 
ketorolac was not found consistently effective for treating the 
inflammation associated with ocular FHV-1 infection.?!> 
Investigators recently observed that suprofen induces cyto- 
pathic changes and dose-dependent retardation of epithelial 
defect closure when applied on cultured canine corneal 
epithelial cells, advising to use this drug with caution in dogs 
with corneal ulceration.”°” 

Although the role of prostaglandins in spontaneous animal 
uveitis remains to be determined, parenteral NSAIDs (phenylbu- 
tazone, flunixin meglumine) have been recommended in equine 
patients with anterior uveitis for a long time.” The role of 
NSAIDs in the management of small animal uveitis has not been 
investigated, but combined administration of systemic NSAID 
and glucocorticoid is recommended for treatment of severe iri- 
docyclitis in dogs and cats.” Experimental studies have found 
that in some forms of uveitis, leukocyte infiltration of the 
inflamed areas is potentiated by NSAID treatment.” This is 
most important because it implies that NSAIDs may be detri- 
mental in treating some forms of ocular inflammation, such as 
granulomatous uveitis. It has been suggested that selective inhi- 
bition of the COX pathway may shift more arachidonic acid 
toward the lipoxygenase pathway and thereby increase the 
synthesis of leukotrienes.?” 


Dual COX/Lipoxygenase Inhibitors 


The search for potent antiinflammatory compounds devoid of 
steroidal side effects has prompted the development of nons- 
teroidal agents with combined lipoxygenase and COX 
inhibitory activity. Potency of some compounds to inhibit the 
inflammatory process was assessed in rabbit and dog models 
of experimental ocular inflammation.”***”° Tepoxalin, a novel 
inhibitor of COX and 5-lipoxygenase, is approved for relief of 
musculoskeletal pain and inflammation in dogs. Its preopera- 
tive oral administration did not cause a significant reduction of 
intraocular inflammation induced by aqueocentesis in dogs.” 
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Immunosuppressive and Antiallergic Agents 


In the eye, immune-mediated hypersensitivity reactions play 
essential roles in the pathogenesis of a number of ocular disor- 
ders such as chronic superficial keratitis (pannus), uveitis, 
keratoconjunctivitis sicca, episcleritis, and corneal graft rejec- 
tion. Immunomodulation to affect or manipulate the immune 
system at its critical points causes a change in the expression 
of the disease and can provide effective strategies for the ther- 
apy of immune-mediated ocular disorders. Corticosteroids 
have long been used for the treatment of such conditions, but 
newer immunomodulatory agents have also been introduced 
over the last decade. Recent papers review the mechanisms 
of action and clinical applications of immunosuppressants in 
veterinary patients with immune-mediated ophthalmic 
diseases.29879 


Glucocorticosteroids 


Glucocorticoids are the most widely used drugs in the treat- 
ment of ocular immune-mediated disease. Their immunosup- 
pressive and antiinflammatory effects overlap to some extent 
because they are based upon a common subcellular action and 
are manifested against mediators and cells implicated in both 
inflammatory and immune responses. These responses are 
dose-related, with immunosuppressive effects requiring 
higher steroid dosages than the antiinflammatory effects. 
Corticosteroids directly or indirectly affect humoral immu- 
nity and cell-mediated immunity through effects on the 
immune system that can be divided into effects on cell move- 
ment and on cell functional capacity. Glucocorticoid adminis- 
tration causes neutrophilia, monocytosis, lymphopenia, and 
eosinopenia. Neutrophilia and monocytosis result from 
decreased margination of these cells and reduction of access 
to sites of inflammation. Macrophages result from the trans- 
formation of circulating monocytes, and in addition to phago- 
cytic function, they serve as antigen-presenting cells. A major 
effect of glucocorticoids is to prevent the influx of leukocytes 
at the sites of inflammation; hence there are fewer monocytes 
and macrophages in inflamed areas to process antigens and 
present them to T lymphocytes. Glucocorticoids also lead to 
transient lymphopenia resulting from lymphocyte movement 
to the lymphatics, spleen, and bone marrow. Redistribution of 
lymphocytes from circulation may result in fewer T lympho- 
cytes to be exposed to antigens and become activated. There- 
fore, there are fewer stimuli for a humoral or a cell-mediated 
response.2"300 Corticosteroid attenuation of cell-mediated 
and humoral immune responses also results from a decrease in 
effective antigen presentation to T cells. Factors contributing 
to diminished antigen presentation include reduced phagocy- 
tosis by antigen-presenting macrophages, decreased produc- 
tion of macrophage-elaborated cytokines that influence 
lymphocytes, and reduced expression of the surface major 
histocompatibility complex molecules necessary for antigen 
presentation. At high enough dose, glucocorticoids have 
the potential to directly inhibit capacity of lymphocytes to 
produce various immune cytokines, such as the T cell 


autocrine-acting lymphokine, interleukin-2 (IL-2), and the 
paracrine-acting accessory cell cytokines IL-1 and IL-63 
Such cytokines have profound effects on proliferation and dif. 
ferentiation of activated lymphocytes. Corticosteroids also 
induce apoptosis in immature T- and B-cell precursors, Thig 
latter effect may be one of the major mechanisms through 
which corticosteroids exert their effects on lymphocytes 302.303 
Glucocorticoids are used as immunosuppressant agents for 
controlling ocular inflammation where immunopathogenic 
processes are supposed to be involved. Immune-mediated ble- 
pharitis, such as atopic blepharitis, bilateral ulcerative ble. 
pharitis, and autoimmune blepharitis, may require topical or 
systemic glucocorticoid therapy, or both. Ocular superficial 
disorders such as allergic conjunctivitis, eosinophilic kerato- 
conjunctivitis, chronic superficial keratitis, and superficial 
punctate keratitis most often respond favorably to topically 
applied or subconjunctivally injected glucocorticoid. Nodular 
granulomatous episclerokeratitis, with a presumed immune- 
mediated cause, is best treated with topical or systemic gluco- 
corticoid therapy, or both. Poorly responsive cases require 
immunosuppression with azathioprine. Immune mediated 
uveitis, such as lens-induced uveitis, is treated with immuno- 
suppressive glucocorticoids by topical, subconjunctival, 
and/or systemic routes. Optic neuritis associated with granu- 
lomatous meningoencephalitis may improve with immuno- 
suppressive doses of systemic glucocorticoid.?05304 


Calcineurin Inhibitors 


Cyclosporine, tacrolimus (formerly FK 506), pimecrolimus, 
and rapamycin (sirolimus) belong to a family of natural prod- 
ucts that are inhibitors of specific signal transduction path- 
ways that lead to T lymphocyte activation. The cyclic 
polypeptide cyclosporine was isolated from the fungus 
Tolypocladium inflatum in 1972. Tacrolimus, pimecrolimus, 
and rapamycin are macrolide antibiotics isolated from Strep- 
tomyces  tsukubacusis and Streptomyces hygroscopicus 
respectively.*° All three compounds are small molecules that 
bind to intracytosolic receptors termed immunophilins 
(immunosuppressant-binding proteins) and therefore are 
designed immunophilin ligands.*°°3”” 

In T lymphocytes, cyclosporine predominantly binds to 
cyclophilin, while tacrolimus and rapamycin bind to a separate 
group of receptors, termed FK-binding proteins (FKBPs). 
Cyclophilin is distinct from FKBP, though both have a similar 
enzymatic activity. Cyclophilin/cyclosporine and FKBP/FK- 
506 complexes interact with the calcium-activated protein phos- 
phatase, calcineurin, leading to inhibition of transcription factors 
required for lymphokine mRNA expression. Accordingly, pro- 
duction of lymphokines, such as IL-2 or interferon-gamma, 
involved in the process of helper T lymphocyte activation is 
blocked, resulting in inhibition of the initiation of specific B- and 
T-cells responses.3398 Rapamycin has no effect on the produc- 
tion of lymphokines and acts by blocking signal transduction 
pathways emanating from lymphokine receptors such as the 


[L-2 receptor. Thus, rapamycin inhibits the proliferation of 
T cells induced by lymphokines and particularly IL-2.° Studies 
on effect of cyclosporine on type I hypersensitivity have led to 
contradictory results. Data indicate that cyclosporine inhibits 
mast cell degranulation and suppresses mast cell-mediated 
cytokine production,*'°*"! and in accordance with these findings 
a recent experimental study in an animal model has shown that 
topical cyclosporine inhibits the development of mast 
cell-mediated allergic conjunctivitis.7!" At the opposite, other 
investigators report that cyclosporine has no modulatory effect 
on mast cells and does not suppress IgE-mediated immediate 
hypersensitivity responses.*!**!4 

Topical cyclosporine was first tested in dogs with kerato- 
conjunctivitis sicca*!? and presently has gained widespread 
acceptance among veterinary ophthalmologists. Compounded 
solutions in corn or olive oil (1% or 2%) or the commercial 
0.2% ophthalmic ointment can be used. A 0.05% ophthalmic 
emulsion has recently been approved for treatment of human 
patients with keratoconjunctivitis sicca.*!© A commercial oph- 
thalmic form of tacrolimus for veterinary use does not exist, 
but the drug can be compounded.'”° Cyclosporine is a neutral 
hydrophobic peptide that easily penetrates the corneal epithe- 
lium after topical application. Once in the stroma, the drug 
accumulates and only a small part of the administered dose 
enters the anterior segment. Experimental data in the rabbit 
demonstrate that a dose-dependent corneal storage of 
cyclosporine can be achieved following topical application 
of this drug.*"’ Increase in the frequency and duration of topi- 
cal application leads to higher corneal concentrations of 
cyclosporine. Topically applied cyclosporine also penetrates 
into the lacrimal gland in concentration high enough to pro- 
duce an immunosuppressive effect.?!* At the opposite, topical 
application produces only subtherapeutic drug concentrations 
in the aqueous humor.*'? Systemic absorption may exist after 
topical application and has been reported in rabbits?” and 
dogs.*”° In the dog, the blood concentration of cyclosporine 
observed after long-term topical administration of the 2% 
solution is high enough to suppress cellular immunity as 
measured by lymphocyte proliferation assays and CD4*/CD8* 
lymphocyte subset analysis,*°*?! Idiopathic KCS in dogs, a 
presumed immune-disease involving the lacrimal glands, has 
become the major indication of topical cyclosporine in veteri- 
nary ophthalmology. Since the first report by Kaswan in 
1989,3!5 other clinical investigations have established that this 
medication is a first-choice treatment for canine idiopathic 
KCS.3™=% Tt appears that topical cyclosporine improves the 
signs and symptoms of KCS by increasing lacrimation and 
reversing inflammatory lesions of the cornea.’ The increase 
in tear production most likely results from the local and possi- 
bly peripheral immunosuppressant effect of cyclosporine on 
the immunogenic lesions of the lacrimal glands*”°°” and from 
an independent lacrimogenic effect.** A clinical experiment 
in dogs with KCS suggested topical cyclosporine therapy can 
regenerate the atrophied lacrimal acinar lobules and restore 
secretory function.*”° The lacrimogenic effect of cyclosporine 
would result from an inhibition of local secretion of 
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lymphokines including the prolactin protein, which is an 
inhibitor of lacrimal acini secretion.’ Improvement of the 
superficial corneal inflammatory lesions may, at least in part, 
result from the property of cyclosporine to reduce corneal 
vascularization.’ In experimental models of corneal neo- 
vascularization, systemic or topical cyclosporine was able to 
block corneal angiogenesis.*?’*"8 The mechanism whereby 
cyclosporine inhibits vessel growth is unclear but may involve 
its ability to inhibit lymphokines, and particularly IL-2, which 
is a known factor of corneal angiogenesis.*”’“78 Synthetic 
analysis of the clinical data shows that topical administration 
of 1% or 2% cyclosporine ophthalmic solution as well as 
0.2% ophthalmic ointment leads to an increase in tear produc- 
tion in approximately 80% of canine KCS cases.3!9322-324.329,330 
However, in advanced cases (initial Schirmer tear test 
<2 mm), the rate of success is no more than 60%.**4 Improved 
lacrimation is characterized by an increase of at least 5 mm of 
the Schirmer tear test and is apparent within the first month of 
treatment in most cases. Some dogs may require 2 to 3 months 
of therapy before improvement of Schirmer tear test is 
observed.” Partial to complete clearing of cornea was 
reported in 67% to 100% of the cases.??3™ Reduction of 
corneal vascularization and pigmentation may take from 1 to 
12 months to become apparent. Corneal improvement may 
occur even in dogs without increased lacrimation.’??3% 
Twice-daily application of one drop 1% or 2% cyclosporine 
solution or one application 0.2% cyclosporine ointment is 
used for management of KCS in most dogs. Frequency of 
administration can be reduced to once daily if Schirmer tear 
test increases to 20 mm or more.*”° Periocular irritation is seen 
in 2% to 10% of dogs who receive oral cyclosporine diluted in 
oil vehicle.’ Immediate discomfort on application (blinking, 
squinting, and pawing the eyes) may be associated with use of 
the 0.2% ophthalmic ointment.**° Long-term use of topical 
cyclosporine for treating KCS is apparently safe, although 
local and systemic immunosuppression are potential risk fac- 
tors that may predispose dogs to opportunistic infection.??0325 

The use of topical cyclosporine has been extended to treat- 
ment of other ocular diseases that seem to involve immuno- 
genic mechanisms and/or that poorly respond to more 
conventional immunosuppressant such as glucocorticoids. 
Cyclosporine has proved useful in controlling chronic superfi- 
cial keratitis in dogs,**! and response to therapy monitored over 
a 6-week period showed that topical 0.2% cyclosporine oint- 
ment was as effective as 0.1% dexamethasone eye drops.’ The 
efficacy of topical cyclosporine for treating nictitans plasma- 
cytic conjunctivitis has also been demonstrated. Topical 
cyclosporine may be an alternative to glucocorticoid therapy in 
poorly responsive cases of eosinophilic keratoconjunctivitis, 
episcleritis, scleritis, and superficial punctate keratitis.’ Treat- 
ment consists of twice-daily application until improvement of 
lesions is achieved, with tapering of therapy over weeks. Some 
forms of equine keratitis and keratouveitis have been reported 
to respond favorably to topical cyclosporine.***3* Devices for 
sustained release of cyclosporine into intraocular tissues have 
been developed for long-term control of equine recurrent 
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uveitis (ERU) with minimal owner maintenance.**° A polyvinyl 
alcohol/silicone-coated intravitreal cyclosporine implant, 
releasing 4 «g/day of cyclosporine, was first evaluated.**” 
Although intravitreal implantation of this device was reported 
as a successful treatment for ERU, complications in the imme- 
diate as well as long-term postsurgical period (i.e., intraocular 
hemorrhage, progressing cataract, and retinal detachment) were 
encountered with its use.*** A new device to be inserted supra- 
choroidally has been developed as an alternative to the intravit- 
really implanted system, and preliminary results seem 
encouraging.*** A toxicological evaluation of a subconjunctival 
cyclosporine implant designed for long-term treatment of 
chronic immune-mediated keratopathies in dogs has been per- 
formed recently.’ The device inserted beneath the dorsal bul- 
bar conjunctiva was well tolerated for 6 months and did not 
induce any ocular clinical, electrophysiologic, or pathologic 
changes.*”? Further studies are needed to prove its clinical 
efficacy. 

Topical tacrolimus has been evaluated for its potential to 
treat canine KCS.*4°34! A 0.03% solution in olive oil applied 
twice daily was safe in healthy dogs and gave clinical results 
similar to those observed with topical 2% cyclosporine in 
KCS-affected dogs.*° Used as a 0.02% aqueous suspension, 
tacrolimus also increased tear secretion in dogs with KCS and 
was well tolerated“! Topical pimecrolimus, another 
macrolide immunomodulator, was recently evaluated in a 
pilot study including 14 dogs with either KCS or chronic 
superficial keratitis.**? A satisfactory response to treatment 
was observed in about 70% (10/14) of all the cases.**? Further, 
larger controlled studies are warranted to determine the defi- 
nite role of pimecrolimus in the treatment of these immune- 
mediated ocular diseases. Systemic administration of 
tacrolimus or rapamycin has proved effective for the treatment 
of uveitis in people.?®34 In vivo and in vitro experiments 
have determined that rapamycin can inhibit corneal graft 
rejection and corneal neovascularization.°°! 


Cytotoxic Agents 


Purine and folic acid analogs as well as alkylating agents form 
the cytostatic drugs, all of which have been used in 
chemotherapy of cancer. They are known to block cellular 
invasion and thereby inhibit the proliferation of immunocom- 
petent cells. Owing to their unrestricted cytotoxicity these 
drugs may produce severe side-effects. 

Methotrexate, the most commonly used folic acid analog, 
binds to dihydrofolate reductase and prevents the conversion 
of dihydrofolic acid to tetrahydrofolic acid which is essential 
for nucleic acid synthesis and hence for cell division.**” 
Methotrexate suppresses B and T cell functions and is used for 
treatment of steroid-resistant ocular inflammatory disease in 
humans.*47-*49 Injected by subconjunctival route in the dog, 
methotrexate (12.5 mg) enters the anterior segment and 
achieves therapeutic levels for 6 hours in the anterior cham- 
ber.’ There is no report on its potential usefulness for 
managing ocular immune-mediated disorders in animals, 


Azathioprine is a purine analogue, activated in the live, 
that interferes with the synthesis of purine bases and thereby, 
inhibits nucleic acid synthesis. The drug is relatively selectiye 
in its cytotoxic effect to helper T lymphocytes.** Azathio. 
prine was one of the first immunosuppressive agent. useq in 
human ophthalmology. It is recommended as a steroid-sparing 
agent for the treatment of uveitis and scleritis.™® In Veterinary 
ophthalmology, azathioprine is indicated for control of nody. 
lar granulomatous episclerokeratitis in dogs.*°'° The drug ig 
given orally, alone or in combination with topical glucocort- 
coid. Treatment is initiated at a dosage of 2 mg/kg once daily 
for 10 to 15 days and as lesions regress the dose is tapered to 
the lowest efficacious dose possible. Monitoring of the blood 
cell count is essential since bone marrow suppression may 
occur. Some dogs may suffer bouts of vomiting and diarrhea, 
Acute hepatic necrosis is also an occasional adverse side- 
effect.>? Azathioprine may also be recommended for treat. 
ment of steroid-resistant uveitis in dogs, such as the uveitis 
associated with uveo-dermatologic syndrome.2” 


Interferon-Alpha 


Among its many cellular effects, interferon-a (IFN-a) has 
been shown to display immunomodulatory activity by affect- 
ing B and T cell function.'!? Human recombinant IFN-a has 
been used experimentally in KCS-affected dogs which were 
given 20 to 80 UI every day for 12 weeks.**? Only 55% 
(11/20) of all dogs treated responded favorably to this treat- 
ment. No local or systemic side effects were observed during 
the trial period.**? The potential efficacy of oral IFN-a has 
also been evaluated for management of nodular granuloma- 
tous episcleritis when other modalities were ineffective or 
intolerable.*4 A marked improvement was noted after one 
month of treatment with IFN-a given at an empirical dose of 
80 IU/dog/day, and all lesions resolved after 2 months of treat- 
ment.*4 


Megestrol Acetate 


Mainly known as a potent progestogen, megestrol acetate has 
also glucocorticoid-like properties which are poorly under- 
stood.*°> Alone or in combination with topical glucocorticoid, 
megestrol acetate has proven effective in treating eosinophilic 
keratoconjunctivitis in cats. Oral induction doses ranging 
from 2.5 mg daily to 5 mg daily are given until clinical 
response is favorable, and then dosing is reduced to 2.5 mg of 
5 mg once every 7 to 14 days.2°?455 Side effects of megestrol 
acetate include polyphagia/weight gain, polydipsia, mammary 
hyperplasia, pyometra, diabetes mellitus, adrenocortical sup- 
pression and behavioral changes.**> 


Antiallergic Agents 


Ocular allergy has received little attention in veterinary oph- 
thalmology and use of anti-allergic agents seldom has been 
reported.3®357 Allergy corresponds to Type I (immediate) 


hypersensitivity which is mediated by IgE-mast cell a 
tion. When allergens bind to the IgE attached to mast cells, a 
series of events is initiated that eventually culminates in mast 
cell degranulation and release of histamine, slow reacting sub- 
stance of anaphylaxis (SRS-A) and other proinflammatory 
mediators. Ocular expression of this type of hypersensitivity 
may be manifested in dogs and cats as atopic blepharitis and 
conjunctivitis“ Substances that inhibit degranulation by sta- 
pilizing mast cell membrane or compete for histamine recep- 
tor sites are clinically useful to prevent the consequences of 
the inflammatory reaction resulting from allergy. 

Mast cell stabilizing agents, antihistamines, and dual-act- 
ing (multiple-acting) agents are the drugs most commonly 
used for management of allergic ocular disease in people, 
including hay fever conjunctivitis, vernal keratoconjunctivitis 
and atopic keratoconjunctivitis.*°*°°? The sodium cromogly- 
cate is the prototypic of the mast cell stabilizer agents, also 
represented by the lodoxamide tromethamine which is experi- 
mentally 2500 times more potent than sodium cromogly- 
cate.3® Clinically, topical lodoxamide tromethamine appeared 
more effective than topical sodium cromoglycate for alleviat- 
ing the clinical signs of ocular allergy in people.***9°? Anec- 
dotal reports mention the use of mast cell stabilizers for 
treating ocular allergy in companion animals but they do not 
draw conclusion in support of clinical usefulness.°*>’ 
Sodium cromoglycate and lodoxamide tromethamine are also 
recommended as adjuvant therapy for equine eosinophilic 
keratitis.5 Dual-acting agents, including olopatadine, keto- 
tifen, azelastine, and nedocromil, have mast cell stabilizing 
effects, H, receptor antagonism, and/or other antimediator 
properties.*®? Available topical antihistamines for treatment of 
ocular allergy are classified as H,-receptor antagonists and 
include levocabastine and emedastine. Levocabastine was 
reported to be effective for treating seasonal allergic conjunc- 
tivitis in children.°*! Topical antihistamine/vasoconstrictor 
combinations, known as ocular decongestants, are used for 
relief of symptoms in mild human allergic conjunctivitis. 
Commercial available combinations include pyrilamine/ 
phenylephrine, pheniramine/naphazoline and antazoline/ 
naphazoline. They have been recommended as substitutes for 
glucocorticoids in management of allergic conjunctivitis in 
small animals but their efficacy remains to be determined.**® 
Ketorolac which proved to be effective in reducing conjuncti- 
val induced allergic reaction in people by inhibition of mast 
cell degranulation, ICAM-1 (an adhesion molecule) expres- 
sion and prostaglandin release, is the only topical NSAID 
approved by the FDA for use in patients with acute seasonal 
allergic conjunctivitis.” 


ANTIGLAUCOMA DRUGS 


Control of elevated intraocular pressure (IOP) associated with 
glaucoma can be achieved through medical and/or surgical 
therapy. Medical treatment of glaucoma is important in the 
management of the disease and relies on topical or systemic 
administration of pharmacologic agents which can be grouped 
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into three categories on the basis of their IOP lowering effect: 
(1) those that reduce the rate of aqueous humor secretion, (2) 
those that increase aqueous humor outflow without affecting 
its formation, and (3) those that affect both aqueous humor 
outflow and formation. They include parasympathomimetic 
and adrenergic agents, as well as carbonic anhydrase 
inhibitors, prostaglandins and osmotic diuretics which form 
the different classes of compounds that are used to decrease 
IOP in animals.*3> 


Drugs Acting at Cholinergic Receptors 


This class of agents is divided into direct-acting and indirect- 
acting parasympathomimetics. Drugs in the former class stim- 
ulate cholinergic receptors directly, while drugs in the latter 
class are inhibitors of acetylcholinesterase, permitting acetyl- 
choline to accumulate at the cholinoreceptive sites. 


Effects on the Eye 


Topical application of a parasympathomimetic compound on 
the eye results in miosis and lowering of IOP. In human and 
primate eyes, contraction of the longitudinal fibers of the cil- 
iary muscle with widening of the scleral spur is the likely 
mechanism by which parasympathomimetics decrease resis- 
tance of aqueous humor passage through outflow pathway.*® 
In primate and human eyes, increase in the number of giant 
vacuoles in the endothelium of Schlemm’s canal may also par- 
ticipate in improved aqueous outflow.*® In small animals, the 
contribution that contraction of ciliary muscle makes on aque- 
ous removal has not been determined, and thus the mechanism 
by which parasympathomimetics lower the IOP is not estab- 
lished. Nevertheless, a cholinergic activity has been identified 
in the ciliary body musculature of the canine eye, indicating 
that there is the potential for modulation of outflow facility by 
the cholinergic nervous system.*® Further evidence support- 
ing such a hypothesis were observations that either intracam- 
eral injection of pilocarpine or N-demethylated carbachol,*®” 
as well as topical application of pilocarpine in canine eyes,** 
induce a substantial increase in outflow facility. 


Direct-Acting Parasympathomimetics 


Pilocarpine is a natural alkaloid obtained from the leaves of 
South Africa shrubs of the genus Pilocarpus. The drug is used 
as a nitrate or a hydrochloride and is available in concentra- 
tions of 0.5 to 8% in methylcellulose or polyvinyl alcohol 
vehicles. Most commercial pilocarpine eye drops are in solu- 
tions with a pH range of 4.5 to 5.5 to preserve the drug from 
hydrolysis. Pilocarpine hydrochloride 4% in a high-viscosity 
acrylic gel has been introduced to prolong drug—eye contact 
time.*® Studies in glaucomatous (open-angle) and normoten- 
sive Beagles indicate that a single instillation of 0.5 to 8.0% 
pilocarpine hydrochloride reduces IOP by 30% to 40% for at 
least 6 hours.*©°” In these animals, a single-drop instillation 
of pilocarpine (1%, 2%, or 4%) increased the coefficient of 
tonographic outflow facility from 0.33 pl/min/mmHg prior 
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treatment to 0. 61 yl/min/mmHg after treatment in normal 
eyes and from 0.15 yl/min/mmHg prior treatment to 0.38 
ul/min/mmHg after treatment in glaucomatous eyes.*** Glau- 
comatous Beagles responded with a greater reduction of IOP 
than normotensive dogs, and no significant difference in the 
hypotensive response was found among the different concen- 
trations. Miosis occurred within 10 to 15 minutes and lasted 
for 6 to 8 hours.*” Therapeutic additivity of pilocarpine with 
adrenergic agents, or carbonic anhydrase inhibitors, has been 
demonstrated in human eyes.*® The combination of 1% epi- 
nephrine and pilocarpine hydrochloride (1%, 2%, 3%, 4%, 
and 6%) produced a significant IOP-lowering effect in glauco- 
matous (open-angle) and normotensive Beagles. Following a 
single instillation of these combinations, the drop in IOP 
lasted for at least 8 hours and was not dose-related.*”! Surpris- 
ingly, combined administration of 1% epinephrine with either 
1%, 2%, or 4% pilocarpine did not increase tonographic out- 
flow facility in these eyes in comparison to pilocarpine 4% 
used alone.* 

Carbachol is the carbamy! ester of choline. Because the drug 
is not lipid-soluble at any pH and penetrates the intact corneal 
epithelium poorly, it must be combined with a surfactant, such 
as benzalkonium chloride, to facilitate its penetration through 
the corneal epithelium.’ Carbachol is stable in solution and is 
available for topical use in concentrations of 0.75% to 3%. A 
0.01% solution is used for intracameral administration at com- 
pletion of an intraocular surgery to induce rapid miosis and 
inhibit postoperative ocular hypertension.*® At concentrations 
of 0.75%, 1.5%, 2.25%, and 3%, carbachol reduced IOP in nor- 
motensive and early glaucomatous (open-angle) Beagles. The 
reduction in IOP was clearly evident within | hour and peaked 2 
to 7 hours after instillation.” A minimum concentration of 
0.75% carbachol was recommended in the management of 
open-angle glaucoma in the Beagle. The 0.01% solution 
injected into the anterior chamber of dogs at the end of cataract 
surgery can prevent the postoperative increase in IOP associ- 
ated with phacoemulsification.*”7 


Indirect-Acting Parasympathomimetics 


The anticholinesterases are divided into the carbamate 
inhibitors, which bind to the acetylcholinesterase in a 
reversible manner, and the organophosphorus inhibitors, which 
irreversibly inhibit the enzyme by forming a stable complex. 
Demecarium bromide is a potent carbamate inhibitor, no 
longer commercially available, which can be compounded in 
0.125% and 0.25% solutions for veterinary use.'°® The drug 
remains stable for extended periods and does not require refrig- 
eration.*® A single drop of demecarium bromide in a human eye 
provided a significant reduction of IOP starting a few hours after 
instillation and lasting for more than 3 days.*”* The accompany- 
ing miosis lasted for up to 10 days.” Investigations using sin- 
gle-drop application of either 0.125% or 0.25% topical 
demecarium bromide and conducted in normal and glaucoma- 
tous (open-angle) Beagles revealed that both formulations 
induce long-term miosis (up to 77 hours) and IOP lowering 


effect that lasts up to 55 hours.’ The mean decrease in [op ig 
about the same magnitude as that observed with Pilocarping 
solution and gel as well as with carbachol solution, but it is more 
prolonged.*” Echothiophate iodide (or phospholine iodide) jg 
another long-acting organophosphorus compound, available jp 
0.03%, 0.125%, and 0.25% solutions.*”° The refrigerated soly. 
tion remains stable for at least 1 month after reconstitution, 
Instillation of one drop echothiophate iodide 0.125% or 0.259, 
results in decrease in IOP of about 10 mmHg and about 13 
mmHg in normotensive and glaucomatous (open-angle) Beagle 
eyes respectively.’ Reduction in IOP persists for 25 to 53 
hours. Associated miosis becomes maximal within 1 to 3 hours 
and persists for 49 to 55 hours.*”> Thus, echothiophate iodide 
appears as potent as demecarium bromide in the dog. 


Clinical Use 


The major use of parasympathomimetic drugs has been the 
long-term treatment of open-angle glaucoma in the dog. Use of 
these agents in combination with adrenergic drugs or carbonic 
anhydrase inhibitors would also be of help for initial therapy in 
most early glaucomas. However, once glaucoma is advanced, 
parasympathomimetic therapy has little beneficial effect 
because the filtration angle is usually obliterated by extensive 
peripheral anterior synechiae.*”” Parasympathomimetic agents 
should be avoided in secondary glaucoma associated with irido- 
cyclitis because the miosis predisposes to synechia formation, 
and they should be used with caution in dogs with subluxated or 
luxated lens because they may induce a pupillary block. Pilo- 
carpine solution should be prescribed 3 to 4 times daily,” while 
pilocarpine gel, which reduced IOP by 25% to 30% for at least 
24 hours in glaucomatous canine eyes, is applied once daily.” 
Although demecarium bromide is a long-acting hypotensive 
ocular agent, its instillation has been recommended in the dog 
on a twice-daily basis to regulate IOP and avoid occasional 
peaks that may be destructive for the glaucomatous eye.” In 
order to determine the ability of prophylactic antiglaucoma 
treatment to prevent or delay onset of glaucoma in the second 
eye of dogs with unilateral closed-angle glaucoma, a combina- 
tion of 0.25% demecarium bromide and a topical corticosteroid 
(DB/GB) was compared to topical 0.5% betaxolol in a multi- 
center clinical trial. Untreated control eyes developed glau- 
coma significantly sooner (median 8 months) than eyes treated 
either with betaxolol (median 30.7 months) or DB/GB (median 
31 months). Although both treatment protocols similarly 
delayed the onset of glaucoma in the fellow eye, DB/GB would 
be preferable to betaxolol in preventing closed-angle glaucoma 
because of less frequent dosing.” Pilocarpine is also used in 
small animal ophthalmology to stimulate tear production in 
patients with keratoconjunctivitis sicca and to improve the ocu- 
lar and digestive signs of feline dysautonomia. 


Side Effects 


Because of the low pH (4.5-5.5) of its ophthalmic solu- 
tions, pilocarpine may cause local irritation manifested by 
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blepharospasm, prolapsed nictitans, epiphora, and conjuncti- 
val hyperemia, which are observed within the first 15 minutes 
and may last for up to 6 hours.™®° These signs are most 
prominent for the first 72 hours of treatment. Use of a special 
droptainer with a buffer system in its tip to adjust the pH of the 
pilocarpine solution to a level close to the physiological pH 
was evaluated in glaucomatous Beagles." Pilocarpine in 1% 
and 2% solutions instilled by buffer-tip droptainer (pH 7) 
showed excellent pharmacological effects determined by 
miosis and ocular hypotension and were well tolerated.** 
Topical application of pilocarpine transiently increases the 
permeability of the blood—aqueous barrier but does not result 
in short- or long-term changes.**? In the dog, systemic side 
effects are unlikely after topical administration of pilocarpine 
0.5% to 8% solution or 4% gel.37%378 

Ocular and systemic side effects may occur with topical 
application of indirect-acting parasympathomimetics. Since 
they potentiate the action of acetylcholine on muscles, they 
produce more severe ciliary and iridal spasms than does pilo- 
carpine. Decreased vision resulting from miosis and induced 
myopia is the most adverse reaction reported in human oph- 
thalmology.*® A transient increase in blood—aqueous barrier 
permeability occurs in the canine eye after topical application 
of demecarium bromide.**” Systemic toxicity may develop 
with any cholinesterase inhibitor and may include salivation, 
vomiting, diarrhea, and abdominal cramps. In order to mini- 
mize the risk of toxicity, indirect-acting parasympathomimet- 
ics should be avoided in subjects treated with flea preparations 
containing organophosphates.*’> When signs are severe, 
atropine (0.2 mg/kg IV or IM) and pralidoxime chloride (20 
mg/kg IV) are administered to block the action of acetyl- 
choline. In humans, their long-term use may result in cataract 
formation, disruption of the blood—aqueous barrier, retinal 
detachment, and, in children, development of iris cysts.?65376 


Drugs Acting at Adrenoceptors 


Drugs that stimulate or block the activity of the ocular sympa- 
thetic nervous system may be used to lower IOP. Pharmaco- 
logically, their mechanisms of action are still unresolved and 
continue to be the subject of considerable study. 


Epinephrine and Dipivefrin 


Epinephrine, or adrenaline, is classified as a nonspecific 
adrenergic agonist that stimulates a and B types of membrane 
receptors, Dipivefrin, or dipivalyl epinephrine, is an epineph- 
rine prodrug produced by the addition of two pivalic acid 
groups to the parent compound. The lipophilic prodrug pene- 
trates the epithelium barrier, where it is converted by esterases 
(acetylcholinesterase, cholinesterase, and arylesterase) to its 
parent drug, epinephrine, which is absorbed in the anterior 
segment.**334 Epinephrine has been used for many years to 
treat glaucoma in humans, but knowledge of its mechanism of 
action is still incomplete. Currently, it is believed that its abil- 
ity to lower IOP is manifested both by reduction in the forma- 
tion of aqueous humor and increase in aqueous outflow. 
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Investigations in monkeys and humans indicate that epineph- 
rine and dipivefrin reduce aqueous humor formation, most 
likely by decreasing blood flow in the ciliary body, through 
their vasoconstrictive action upon the vasculature of the cil- 
jary body.**°=*° Improvement in facility of aqueous outflow by 
adrenergic drugs has also been clearly identified in primate 
and human eyes.”*-785.387-389 Jt was also found in human eyes 
that increase in aqueous outflow is mediated by B-2 adrener- 
gic receptors and is correlated with increased cyclic AMP pro- 
duction by the trabecular meshwork.388-38? 

At concentrations of 1% and 2%, topical epinephrine was 
effective in reducing JOP in glaucomatous (open-angle) and 
normotensive Beagles.*”° In these animals, the 0.5% solution 
of dipivefrin manifested hypotensive and mydriatic effects 
similar to those of the 2% solution of epinephrine.*”? Topical 
epinephrine or dipivefrin, alone or in combination with other 
antiglaucomatous drugs such as direct-acting parasympath- 
omimetics, B-blockers, and carbonic anhydrase inhibitors, has 
its main indication in the management of open-angle glau- 
coma. Various local and systemic side effects have been 
reported in humans with the ocular instillation of epinephrine 
and dipivefrin.*”! The most common side effects include local 
intolerance, formation of adrenochrome deposits in the con- 
junctiva and cornea, loss of eyelashes, and macular edema in 
aphakic eyes.*?! Incidence of conjunctival and corneal stain- 
ing in veterinary ophthalmology in unknown. Local irritation 
consisting of mild conjunctivitis and tearing has been reported 
in the dog with the 0.5% solution of dipivefrin.*”° Since some 
of the corneal esterases that convert dipivefrin to epinephrine 
are inhibited by anticholinesterase drugs, combined use of 
these long-acting miotics and dipivefrin is contraindicated.*”” 


Alpha,-Adrenergic Agonists 


The mechanism by which a-adrenergic agonists lower IOP is 
not fully understood. Studies in human eyes have clearly 
demonstrated that these drugs decrease aqueous formation, 
but conflicting results regarding their effect on outflow facility 
have been reported.*?*93 From different investigations, it 
appears that w,-adrenergic agonists most likely decrease aque- 
ous humor formation by interfering with presynaptic (nerves) 
and postsynaptic (nonpigmented epithelial cells) «,-adreno- 
ceptors at the sympathetic nerve—ciliary body junction.?®3-35 
Activation of the presynaptic o,-receptors inhibits norepi- 
nephrine release, thereby blocking the tonic adrenergic stimu- 
lation of the secretory ciliary epithelium by endogenous 
norepinephrine. Activation of the postsynaptic ciliary body 
a.,-receptors, coupled to a G, protein, suppresses the activity 
of adenylate cyclase and reduces the intracellular concentra- 
tion of cAMP in the ciliary epithelium. The net effect is also a 
decrease in aqueous humor formation.’ 

Apraclonidine (p-aminoclonidine), a derivative of clonidine 
with comparable IOP-lowering effect and minimal cardiovascu- 
lar effects, has been developed for use in humans. It is available 
as a topical 0.5% solution. The IOP-lowering ability of apra- 
clonidine has been evaluated in dogs and cats. Single topical 
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administration of 0.5% apraclonidine in the canine eye resulted 
in a 3.0 mmHg (16%) IOP decrease 8 hours after treatment.*”° In 
the cat, apraclonidine-treated eyes showed mean IOP decrease 
of 4.8 mmHg (24%) 6 hours after treatment.*”” The topical appli- 
cation of apraclonidine resulted in ocular and nonocular side 
effects both in dogs and cats. Mydriasis occurred in 29% of the 
treated canine eyes and at the opposite pupillary diameter was 
reduced a mean 46% in the feline treated eyes.*°°**’ Reduction 
in heart rate was more marked in cats than in dogs, and undesir- 
able gastrointestinal effects, such as salivation and vomiting, 
occurred in most cats.*”°“*” Thus, it appears that apraclonidine is 
not a first-line antiglaucomatous agent in the dog and is too toxic 
to be used in the cat. Nonocular side effects most likely result 
from systemic absorption of the topical drug. This is consistent 
with the finding that conjunctival-scleral route is the main path- 
way for apraclonidine absorption after topical application.** 
Brimonidine tartrate, a highly selective a,-agonist, has been 
introduced for treating acute and chronic elevations of IOP in 
human beings.*”” Its hypotensive effect in human glaucoma 
patients was found to be similar to that of timolol and was not 
associated with any systemic side effects.“ Current data indi- 
cate that brimonidine reduces IOP in human eyes by a dual 
mechanism, decreasing aqueous inflow and increasing uveoscle- 
ral outflow.*! Ocular effects of single and multiple doses of top- 
ical 0.2% brimonidine were recently evaluated in glaucomatous 
Beagles.“ After application, a trend to reduction in IOP was 
observed but not at statistical significance. As a result, the 
authors advised to use brimonidine as additive therapy and not as 
monotherapy in glaucomatous dogs. Side effects observed with 
brimonidine treatment in dogs included miosis and decrease in 
heart rate. A survey conducted in a poison control center doc- 
umented the clinical signs associated with ingestion of brimoni- 
dine ophthalmic solution by dogs.*? Severe cardiovascular 
effects (hypotension, bradycardia) and central nervous system 
depression can ensue the ingestion of brimonidine depending on 
the amount of drug ingested. Supportive care and yohimbine or 
atipamezole as ,-antagonist are helpful to reverse the signs of 
the toxicosis.4 


Beta-Blockers 


Topical B-blockers have become the most widely used med- 
ications for the control of ocular hypertension in humans. In 
1967, it was observed that propranolol caused a reduction in 
IOP after intravenous or topical administration. A number of 
other 8-blockers used for cardiovascular disease (i.e., prac- 
tolol, oxprenolol, and atenolol) then were investigated as 
antiglaucoma agents, but adverse side effects limited their 
ocular use. It was not until 1977 that timolol was found to be 
a safe and effective agent for lowering IOP in human glau- 
coma patients. Since the drug was first marketed in 1978, 
levobunolol, betaxolol, metipranolol, and more recently carte- 
olol have been released as antiglaucoma medications. All 
but betaxolol are nonspecific B-blocking agents (i.e., they 
block both B, and B, receptors). Betaxolol is a B -selective 


ophthalmic B-blocker. Carteolol is the only compound that 
possesses intrinsic sympathetic activity when bound to the B- 
adrenergic receptors.“* Many investigations have convine. 
ingly demonstrated that topical B-blockers reduce JOp by 
decreasing formation of aqueous humor. A single drop 
of 0.5% timolol solution suppresses aqueous formation in the 
range of 13% to 48% in normal human eyes.*** In cat eyes, the 
rate of aqueous humor formation is reduced 28%, 56%, ang 
71% by 0.005%, 0.025%, and 0.15% intracamerally injecteg 
timolol solution respectively.*” Topical 0.5% timolol given to 
normal rabbit eyes decreases aqueous flow by 35% as meas- 
ured by sulfacetamide clearance from aqueous humor!!0 
However, their mechanism of action is still uncertain, and 
three possibilities have been suggested: (a) they may block g- 
receptors in the ciliary processes; (b) they may inhibit active 
transport and ultrafiltration related to Na*,K*-ATPase; or (c) 
they may act through a vasoactive mechanism. According to 
the classical view, B-blocking agents lower aqueous humor 
flow by altering the adrenergic neuronal control of aqueous 
humor formation by blockade of the -receptors in the ciliary 
processes.*” 8,,-adrenergic receptors seem to be predominant 
in the ciliary processes,*!!4!? and experimental findings indi- 
cate that B-adrenergic receptors mediating pressure changes 
in the anterior segment of the cat eye are predominantly 8," 
It has been postulated that occupation of the B-adrenoceptors 
of the ciliary epithelium inhibits the tonic influence of norepi- 
nephrine released by the sympathetic nerves, thereby inducing 
a decrease of cAMP levels in the ciliary epithelium and hence 
a reduction of the secretory function of the ciliary epithe- 
lium.“ However, in vivo and in vitro findings indicated that 
the correlation between aqueous humor formation and ciliary 
epithelial cAMP content was unclear and that §-blocking 
drugs might act through mechanisms unrelated to B-adrener- 
gic blockade in the ciliary epithelium.*!*4'> Since plasma 
membrane ATPases of the ciliary epithelium are involved in 
aqueous humor formation, the potential relationship between 
inhibition of ciliary ATPases and the IOP-lowering effect of 
the B-blockers was investigated. Studies provided support to a 
mechanism for B-adrenergic antagonists inhibition of ciliary 
Na*,K*-ATPase activity in vitro and in vivo.*!64!17 At the oppo- 
site, other studies in rabbits demonstrated that neither Na*,K’- 
ATPase nor Mg*t-ATPase was inhibited by timolol and 
showed that the IOP-lowering effect of the drug was related to 
a significant reduction of blood flow in the iris root-ciliary 
body, related to a significant reduction in dopamine concen- 
trations in this tissue.*!* Beta-blockers have no effect on aque- 
ous outflow.‘ 

Topical timolol maleate is available as solution and gel- 
forming solution in 0.25% and 0.50% concentrations. In not- 
motensive dogs and cats, a single application of 0.5% solution 
induced a mean reduction in IOP of 2.5 mmHg (16%) and 4] 
mmHg (22%) respectively.4!*2° Maximum IOP reduction 
occurred within 2 to 4 hours in dogs*!® and within 6 to 12 
hours in cats.4% A contralateral decrease in IOP also occurred 
in nontreated eyes.*!°*?? A dose-response study of timolol 
maleate employing single- and multiple-drop instillations 1 
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normotensive and glaucomatous (open-angle) Beagles found 
that 0.25% and 0.5% timolol were ineffective in normotensive 
eyes but lowered IOP in glaucomatous eyes by approximately 
4 to 5 mmHg.”! A dose-related reduction in IOP was 
observed in normotensive dogs, with concentrations of 2% to 
9% 4” In eyes with open-angle glaucoma, decrease in IOP 
ranging from 8 to 14 mmHg was observed for up to 6 hours 
after administration of 4%, 6%, and 8% concentrations.*”? The 
effect of topical application of timolol on IOP has been evalu- 
ated in females horses with normotensive eyes.“ A signifi- 
cant mean decrease of approximately 4 to 5 mmHg was 
observed 8 hours after single-dose application, and the pres- 
sure-lowering effect was present throughout the 5-day multi- 
ple-dose study with a maximum reduction in IOP of 27%.” 
No ocular side effects were noted with the exception of 11% 
reduction in the pupil size. These results indicate that timolol 
could be of benefit in the management of glaucoma in 


horses.*74 


In people, carteolol, metipranolol, and levobunolol have 
similar potency to that of timolol for decreasing IOP (approxi- 
mately 20% to 30%).4* The IOP-lowering effect of 8-block- 
ers in man is generally additive to that of the other 
antiglaucomatous agents, such as parasympathomimetics, 
epinephrine, and dipivefrin.*° Typically, such combinations 
provide an additive effect by using two drugs that together 
affect aqueous inflow and outflow. For instance, pilocarpine is 
often used in combination with B-blockers. In glaucomatous 
(open-angle) Beagles, the response to either 4% or 6% timolol 
was enhanced by combination with 2% pilocarpine.* When 
two topical antiglaucomatous medications are combined dur- 
ing the same dosing episode, at least 5 minutes should pass 
between applying the two formulations because coadministra- 
tion reduces their ocular bioavailability. Pharmacokinetics 
data in rabbits demonstrate that when timolol is coadminis- 
tered with either pilocarpine or epinephrine, its ocular absorp- 


~ tion is reduced by 20% to 70%.‘4 In people, the topical 


B-blockers are indicated in primary glaucoma (open-angle 
and closed-angle), many types of secondary glaucomas, and 
various conditions with ocular hypertension.***°° They are 
also commonly used in small animal veterinary ophthalmol- 
ogy, although their effectiveness has never been documented 
by controlled clinical trials. Nevertheless, experimental data 
suggest that topical timolol is potentially effective for control- 
ling glaucoma when applied twice daily at a concentration of 
0.5% in cats and at concentrations ranging from 4% to 8% in 
dogs. The latter are not available commercially and would 
probably induce systemic side effects. Combination of timolol 
and pilocarpine also may be useful in some glaucomatous 
dogs. As stated previously, topical 0.5% betaxolol is an alter- 
native to demecaruim bromide to prevent or delay the onset of 
hypertension in an eye predisposed to primary closed-angle 
glaucoma.?”? The most common ocular side effect of topical 
8-blocking agents is local intolerance (i.e., stinging, burning) 
on ocular instillation.*° Photophobia, ptosis, blepharocon- 
junctivitis, and superficial keratitis are other potential ocular 
side effects of these drugs.*°° Changes of the ocular surface 
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observed during treatment with timolol has been associated 
with a significant reduction in tear production and turnover." 
It seems that carteolol has better ocular tolerability than the 
other compounds.*™ In humans, topical timolol has minimal 
effect on pupillary diameter. On the contrary, significant 
reduction in the pupil size is observed in the canine and feline 
treated eyes.4!°*?°4? Reduction of pupillary diameter is more 
marked in cats than in dogs with a maximum duration of one 
week after treatment.‘'?“?° Timolol has been shown to be 
more toxic to regenerating corneal epithelium than lev- 
obunolol and betaxolol in rabbit eyes*”° and therefore may not 
be the drug of choice in animals with glaucoma and corneal 
epithelial defects. In people, topical B-blockers are contraindi- 
cated in those with severe heart failure and bronchial asthma 
because of their potential cardiopulmonary adverse effects 
resulting from systemic absorption. It is possible that the par- 
tial agonist activity of carteolol may reduce its cardiovascular 
and bronchopulmonary adverse effects by lessening systemic 
B-blockade effect.*°*4° Significant decrease in pulse rate was 
observed in normotensive and glaucomatous Beagles treated 
with topical timolol at concentrations ranging from 2% to 
8%,**!422 A contralateral effect on IOP and pupillary diameter 
was also identified in the nontreated eyes when timolol was 
topically given to dogs and cats.*'?? These effects likely 
result from systemic uptake via transconjunctival route and 
nasolacrimal duct pathway. A systemic activity of topically 
applied timolol has been demonstrated in an experimental dog 
model.**’ To prevent occurrence of deleterious cardiovascular 
effects secondary to systemic absorption, the literature sug- 
gests using 0.25% timolol in cats as well as dogs weighing 
less than 20 Ibs, and 0.5% timolol in dogs with body weight 
above 25 Ibs.*™ 


Carbonic Anhydrase Inhibitors 


Carbonic anhydrase inhibitors (CAIs), which belong to the 
class of nonbacteriostatic sulfonamide-related compounds, 
were used in ophthalmology as early as 1954 with the intro- 
duction of acetazolamide. Methazolamide and dichlor- 
phenamide were released subsequently. These agents have 
been widely used ever since, but because their clinical useful- 
ness is limited by various systemic side effects, topical car- 
bonic anhydrase inhibitors have been developed in the last 
decade. 


Mechanism of Action 


The ciliary process epithelium contains enzyme systems, such 
as NA*,K*-ATPase and carbonic anhydrase, that are involved 
in aqueous humor formation. Carbonic anhydrase is a ubiqui- 
tous enzyme for which seven isoenzymes have been identi- 
fied. CA I, CA II, and CA III are located in the cytosol, CA IV 
is membrane bound, CA V is present in mitochondria, and 
CA VI and CA VII are found only in salivary glands.478 Only 
CA II, CA II, and CA IV are present in significant amounts in 
pigmented and nonpigmented epithelial cells to catalyze the 
reversible hydration of carbon dioxide.” Newly formed 
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bicarbonate ions are neutralized by sodium and other cations 
and transferred to the intercellular channels and the posterior 
chamber (Fig. 7.2.1). Water is then osmotically attracted from 
the vessels of the ciliary stroma to aqueous humor formation: 
H,O + CO, @ HCO, + H*.*” The common feature of CAIs 
is a sulfonamide group (—So,NH,) attached to an aromatic 
ring. Competition of the sulfonamide group with carbonic 
acid for its site on carbonic anhydrase, to make it inactive, is 
the basis of the pharmacological action of these drugs.“ It is 
known that 98% inhibition of CA II must be achieved in cil- 
iary epithelium by systemic or topical inhibitors for full IOP 
reduction.**! In parallel to the decreased appearance of bicar- 
bonate into the posterior chamber, the rate of sodium transport 
is decreased by equimolar amount, and entry of water into the 
posterior chamber is reduced. Accordingly, aqueous humor 
formation is suppressed by 40% to 60%.*** In the dog, car- 
bonic anhydrase inhibition by acetazolamide lowers aqueous 
flow from 9 l/minute prior treatment to 6.4 wl/minute after 
treatment.“ Although systemic CAIs are diuretics, it is cur- 
rently believed that their ocular hypotensive effect does 
not depend on diuresis. There is, however, some indication 
that the systemic acidosis induced by these agents also inhibits 
aqueous humor formation and enhances their pressure- 
lowering effect.4 


Systemic Carbonic Anhydrase Inhibitors 


Acetazolamide, the first drug in this group to be synthesized, 
can be administered either orally or intravenously. It is sup- 
plied in tablets of 125 and 500 mg as well as in time-release 
capsules of 500 mg. A single oral administration of a dose 
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Figure 7.2.1. Contribution of carbonic anhydrase to aqueous humor forma- 
tion in the unpigmented and pigmented ciliary body epithelium. 


ranging from 10 to 75 mg/kg significantly lowers [op E 
normotensive and glaucomatous Beagles for at least g 
hours.**? A dosage of 4 to 8 mg/kg 2 to 3 times daily is Usually 
recommended for treatment of canine glaucoma.*” In the cat 
doses ranging from 10 to 25 mg/kg are effective in lowering 
the IOP in glaucomatous animals. The hypotensive effect last 
about 5 hours.** Acetazolamide is also available for intra. 
venous injection as a lyophilized powder (500 mg/vial), Intra. 
venous acetazolamide at a dose of 5 to 10 mg/kg is useful ag 
adjunctive therapy in the management of acute glaucoma, 

Dichlorphenamide has been withdrawn from the market 
but is available in generic forms in United States. The org] 
dose rate in the dog ranges from 2 to 4 mg/kg 2 to 3 times 
daily.*” In glaucomatous Beagles, the maximal effect occurs 
3 hours after administration of a dose of 10 mg/kg. Single 
oral administration of dichlorphenamide in the cat in doses 
ranging from 0.5 to 2 mg/kg significantly reduced JOP for 
4 hours.*4 

Methazolamide is supplied in 50 mg tablets. After oral 
administration of 25 or 50 mg methazolamide to healthy Bea- 
gle dogs, a significant IOP decrease of 18% to 21% was 
observed 3 to 6 hours after administration depending on the 
dose, but thereafter IOP increased to levels above the control 
baseline values.**> The lowering effect on IOP was accounted 
for by a mean 28% reduction in aqueous humor formation." 
The rebound effect was ascribed to a possible upregulation of 
CA after treatment ceased, and it should be kept in mind in 
clinical settings when administration of methazolamide is 
stopped.**> In a study of the systemic CAIs in normal and 
glaucomatous dogs, results suggested that methazolamide 
decreases IOP at dosage levels lower than acetazolamide, 
dichlorphenamide, and ethoxzolamide.** In glaucomatous 
dogs, the JOP-decreasing effect of oral metazolamide 
(5mg/kg twice daily) was comparable to that achieved with 
topical dorzolamide instilled twice or three times daily. 


When co-administered, the drugs did not produce an addi- < 


tional reduction in IOP.*%° 


Topical Carbonic Anhydrase Inhibitors 


In the last few years, a large number of studies have focused 
on the development of topical CAIs as potent systemic agents 
with fewer systemic adverse effects. The history of the design 
and development of the topical CAIs has been extensively 
reviewed, #30437 

Topical CAIs that are currently approved for the treatment 
of glaucoma in humans include dorzolamide (formerly MK- 
507), marketed in 1995, and brinzolamide, which was recently 
developed. Dorzolamide and brinzolamide are most potent 
against CA II, with less activity against CA TV.#%4 Experi- 
mental data in rabbits indicate that topical dorzolamide and 
brinzolamide readily penetrate the eye by both the corneal and 
scleral routes.#843 After topical application on canine eyes; 
the dorzolamide concentrations achieved in the ciliary body 
were much higher than those reached in the aqueous humor, 
suggesting that in the dog the cornea-scleral route has also 4 


a 


role in the intraocular penetration of the drug.**° In healthy 
dogs, administration of a single dose of 2% dorzolamide was 
associated with a mean reduction in JOP of 3.1 mmHg (18%) 
from 30 minutes to 6 hours after treatment.**! Mean aqueous 
fow rate decreased from 43% in treated eyes.“! In a short- 
term study in normal dogs, a maximum decrease in IOP of 
about 6 mmHg was reached after 5 days of treatment at 8-hour 
intervals.““? Topical dorzolamide was also found to lower IOP 
when applied to normotensive feline eyes every 12 hours.“ 
The amplitude of IOP decrease observed in cats after twice 
daily applications of dorzolamide was almost the same as that 
observed previously in dogs with 3 times daily applications. 
Topical dorzolamide seems to influence IOP in horses less 
than it does in small animals, since its twice-daily application 
to normotensive equine eyes reduced IOP only by an average 
of 2 mmHg. In light of these findings, the authors’ sugges- 
tion was that topical dorzolamide can be recommended only 
as adjunctive therapy in glaucomatous horses. 

The 1% ophthalmic solution of brinzolamide applied to 
normotensive canine eyes induced a reduction in JOP the 
amplitude of which was similar to that induced by topical dor- 
zolamide but lower than that resulting from oral administra- 
tion of 5 mg/kg of methazolamide.*” By contrast, topical 
dorzolamide was unable to significantly influence IOP of nor- 
motensive feline eyes." 


Clinical Use 


Because they diminish aqueous humor formation, CAIs can 
be employed in the treatment of practically all types of glau- 
coma. Short-term administration of systemic or topical CAIs 
may be effective in the management of acute increases in IOP 
resulting from primary or secondary glaucoma. On the basis 
of findings in normal and glaucomatous dogs, combined 
administration of topical and systemic CAI has no additional 
1OP-decreasing effects over dorzolamide or brinzolamide 
alone that would warrant its use in dogs with acute glau- 
coma.*%°45 Topical CAIs also represent a valuable substitute 
for oral methazolamide in the long-term treatment of chronic 
glaucoma in dogs, since their effects on IOP are comparable 
and systemic side effects are less likely.**°**° Theoretically, 
CAIs can be used in combination with other antiglaucoma 
agents because their effect is usually additive, reducing IOP 
more than any single agent. In the dog, the combined use of 
dorzolamide and latanoprost may be appropriate for the man- 
agement of chronic glaucoma, since dorzolamide given every 
8 hours and latanoprost instilled once in the morning were 
demonstrated to have an additive effect on decreasing IOP.“ 
A commercial combination of 2% dorzolamide and 0.5% tim- 
olol is available. Its administration twice daily in humans with 
glaucoma has an IOP-lowering effect similar to that obtained 
with dorzolamide alone instilled 3 times daily.“** Combined 
use of dorzolamide and timolol has not been evaluated in 
small animals so far, but recent findings indicate that in horses 
this combination may not have additional IOP-lowering 
effects over dorzolamide alone.“ 
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Adverse Effects 


No ocular side effects have been described in relation to the 
systemic administration of CAIs, but acute overdosage or 
long-term therapy may result in a variety of clinical and bio- 
chemical disorders. The side effects of the various agents of 
this class are similar, with dichlorphenamide appearing to 
cause the fewest and being considered the drug of choice for 
prolonged treatment in small animals.’ Common transient 
side effects associated with oral or parenteral CAIs include 
increased diuresis, gastrointestinal disturbances (anorexia, 
vomiting, diarrhea), and possibly increased respiratory rate 
secondary to metabolic acidosis. Cats appear to be more sus- 
ceptible to these drugs and should be observed very closely. 
The dose should be decreased or therapy discontinued if signs 
of toxicity are observed. Except for acetazolamide, little is 
known about either the short- or long-term effects of the other 
CAIs on blood chemistry in the dog. In this species, the intra- 
venous and oral administrations of acetazolamide were found 
to cause significant metabolic acidosis that achieved a steady 
state after 1 to 5 days of treatment.*”*° This effect, attributed 
to increased bicarbonaturia, was associated with an increase 
in PO, and a decrease in PCO,, indicative of compensatory 
hyperventilation. All dogs given acetazolamide had an 
increase in plasma chloride. A decrease in plasma potassium 
also develops, reaching its maximum between the second and 
fifth day of treatment, presumably as a result of increased kali- 
uresis. Normal food intake usually obviates any serious potas- 
sium depletion, but care must be taken in patients with 
anorexia or preexisting hypokalemia.**450 When acetazo- 
lamide administration is discontinued, complete recovery of 
acid-base and blood electrolyte disorders occurs within 
36 hours because of the short half-life of the drug.°° The oph- 
thalmic formulation of 2% dorzolamide has a pH of 5.6, and 
its instillation may be associated with symptoms of ocular dis- 
comfort on instillation in people.**! By comparison, 1% brin- 
zolamide, which is formulated as an ocular suspension with a 
pH of 7.5, is better tolerated by human patients.**? In dogs, 
topical administration of 2% dorzolamide has been associated 
with blepharitis, which resolved following discontinuation of 
the drug.* In short-term studies of topical CAIs in the dog, 
cat, and horse, no local or systemic side effects were 
reported, 441443444 


Prostaglandin Analogues 
History and Chemistry 


The prostaglandins (PGs) are a family of biologically active 
lipids with a wide spectrum of possible pharmacologic activ- 
ity. Since early studies showed that low doses of PGF, „ can 
decrease IOP, it has been established that most of the naturally 
occurring PGs, as well as some of their analogues and esters, 
are potent ocular hypotensive agents in both animals and 
humans.*°?**4 The PG derivatives currently approved for the 
reduction of IOP in humans and animals were developed 
through chemical modification of PGF,,. Latanoprost (for- 
merly PhXA41) and isopropyl unoprostone first emerged as a 
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result of active screening programs, and new PG analogues, 
including travoprost and bimatoprost, have recently been 
introduced onto the market.*°**°> They all are esterified pro- 
drugs of the PGF, , designed to facilitate penetration through 
the ocular membranes by increased lipid solubility. 
Latanoprost is the right-handed epimer of a phenyl-substituted 
analogue of PGF, , while unoprostone is an isopropyl ester of 
the 20-ethy] derivative of PGF,,. Travoprost and bimatoprost 
are structurally similar to other PGF, , analogues (Fig. 7.2.2). 
After topical application, the prodrug is enzymatically 
hydrolyzed during its passage through the corneal epithelium 
to release the active form, which is then delivered to the ante- 
rior segment of the eye.*°®*>’ The major intraocular metabo- 
lite that is expected to act on target tissues is 17-phenyl-PGF,, 
for latanoprost, bimatoprost, and travoprost**”*°* and a free 
acid of isopropyl unoprostone for unoprostone.*”? It has been 
established that human and canine ocular tissues have a simi- 
lar profile of PGF, prodrug hydrolysis.4” 


Mechanism of Action 


A common feature of the biologically active forms of 
latanoprost, bimatoprost, travoprost, and unoprostone is the 
high affinity and selectivity for the prostanoid FP receptors, 
and investigation revealed that the IOP-lowering action of 
these PG derivatives is mediated through their binding to FP 
receptors in humans,**! monkeys,“ and presumably in 
dogs. The pivotal role of FP receptors in the ocular 
hypotensive effects of the PGF, analogues has also been 
demonstrated with the use of FP-receptor deficient (FPKO) 
mice.’ By contrast, the IOP-lowering action of PGs in the 
feline species is mediated by EP,, and not by FP receptors, 
unlike in humans and dogs.4°4 
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Figure 7.2.2. Chemical structures of the four commercially available 
prostaglandins in veterinary ophthalmology. 


In humans and in animal species studied so far, it has been 
well established that increase in uveoscleral outflow is the pri- 
mary mechanism by which PGs reduce IOP.*% Increase d 
uveoscleral outflow has been reported in humans, monke ‘ 
rabbits, and dogs treated with PGF, or its analogues*6407-46 
and in cats treated with PGA,.*”° However, data in the current 
literature indicate that latanoprost, bimatoprost, and unopros. 
tone also affect the pressure-dependent conventional outflow 
pathway.*’'*”" The mechanisms by which activation of pp 
receptors lead to an increased uveoscleral outflow are stij 
under investigation, but there is scientific evidence that matrix 
metalloproteinase (MMP) mediated alterations in the extra. 
cellular matrix (ECM) of the ciliary muscle contribute to this 
pharmacological effect. This concept is based on in vitro and 
in vivo observations that after several days of treatment with 
PGF, „ the MMP-1, -2, and -3 are increased within uveoscle. 
ral outflow tissues,“ while collagen types I, III, and IV are 
decreased.“ The amount of myocilin, an intra- and extracel- 
lular protein of the ciliary muscle, which may contribute to 
outflow resistance, also is reduced after topical PGF, „ treat- 
ment.*”° Ultrastructurally, remodeling of ECM components 
within the uveoscleral outflow pathway was characterized as 
lysis of ECM between ciliary muscle bundles and widening of 
the intermuscular spaces in monkey eyes treated with 
PGF,,,"’” latanoprost, or bimatoprost.‘”” In addition to the 
changes induced within the uveoscleral outflow pathway, 
long-term treatment with latanoprost or bimatoprost also led 
to morphologic changes in the trabecular meshwork, perhaps 
in agreement with increased conventional outflow.” Experi- 
ments in humans, monkeys, and rabbits suggest that in addi- 
tion to its [OP-reducing effect, latanoprost increases blood 
velocity in the optic nerve head or dilates the vessels supply- 
ing the optic nerve head because of its pharmacologic effect 
on the vessels.*”* Increased nerve head perfusion may be 
important for preservation of visual function in glaucomatous 
eyes. 


Clinical Pharmacology 


Experimental studies have demonstrated that topical applica- 
tion of 0.005% latanoprost significantly reduces IOP in nor- 
motensive and glaucomatous canine eyes.*” In normotensive 
canine eyes, 0.005% latanoprost instilled in the evening, 
morning, as well as twice daily induced an average decline in 
IOP of about 25%, while in glaucomatous eyes, it produced a 
mean decline in IOP of about 50%.‘7**° In glaucomatous 
dogs, a comparable IOP-lowering action was observed with 
once- or twice-daily application of 0.03% bimatoprost**! and 
0.004% travoprost.**? In normal dogs, the amplitude and dura- 
tion of the IOP-lowering effect of a single application of 
0.12% unoprostone isopropyl were found to be similar t0 
those observed after a single application of 0.005% 
latanoprost.4”83 By contrast, neither once-daily application 
of 0.005% latanoprost”? and 0.03% bimatoprost** nor twice 
daily applications of 0.03% bimatoprost*® and 0.12% uno- 
prostone*** significantly lowered the IOP of normal cats. 
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These observations illustrate that FP receptor signaling does 
not play a crucial role in the IOP response to PGs or PG ana- 
Jogues in cats. The potential of 0.005% latanoprost for 
lowering IOP has also been evaluated in normotensive equine 
eyes.‘ In clinically normal horse, a once-daily application of 
0.005% latanoprost resulted in a mean decrease in IOP of 1.03 
mmHg or about 5% in males, and 3.01 mmHg or about 17% in 
females.**° The reason for the gender effect in the response of 
the equine eye to topical 0.005% latanoprost has not been 
determined.**° 


Clinical Use 


In a short time, PG derivatives have reached extensive clinical 
use in human beings with ocular hypertension and primary 
open-angle glaucoma.**” Several studies documented their 
1OP-lowering effect in people, but latanoprost has mostly been 
evaluated as either monotherapy or an adjunctive agent added 
to another antiglaucoma agent.** In patients with either ocular 
hypertension or primary open-angle glaucoma, latanoprost, 
bimatoprost, and travoprost administered once daily in the 
evening induce a higher reduction in IOP than 0.5% timolol 
applied twice daily.***“” Latanoprost twice daily is less effec- 
tive than once daily in humans with glaucoma.*”! This reduc- 
tion of efficacy possibly results from development of 
subsensitivity at the level of the FP receptor with twice-daily 
administrations.*”! In people with glaucoma who are no longer 
regulated on one antiglaucomatous drug alone, a combination 
of two drugs is common. Latanoprost proved efficacious when 
added either to timolol or pilocarpine.4”?*°3 When added to 
B-blockers, latanoprost compared favorably in JOP-lowering 
efficacy and was similar in safety to brimonidine and dorzo- 
lamide.*”” In the dog, the PG derivatives are mostly indicated 
for the treatment of primary glaucoma and may replace manni- 
tol, acetazolamide, or both, as first-line drugs in the emergency 
management of acute closed-angle primary glaucoma.*™ 
Recent investigations using high resolution imaging of the 
anterior segment of dogs with primary glaucoma suggested 
that latanoprost may rapidly lower IOP in primary closed- 
angle glaucoma by inducing miosis, which breaks the pupillary 
block, and by opening the collapsed ciliary cleft in primary 
open-angle glaucoma.*™ Although latanoprost, bimatoprost, 
and travoprost are instilled once daily in humans, experimental 
data in glaucomatous dogs suggest that twice-daily instillation 
of these drugs should be recommended in the dog to decrease 
daily IOP fluctuations. *8!482 


Side Effects 


Side effects most commonly encountered in glaucomatous 
human eyes treated with PG, analogues include conjunctival 
hyperemia, iris darkening, and eyelash changes. Cystoid 
macular edema, iritis, herpes simplex reactivation, periocular 
skin darkening, and headaches are other potential complica- 
tions of this therapy.“ Several PG derivatives used for the 
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treatment of glaucoma cause increased pigmentation of the 
iris in humans, but most of the data have been obtained with 
latanoprost.“ Increased iris pigmentation was observed in 
about 5% of the patients during 2 years of treatment with 
latanoprost, and it appeared that individuals with hazel or het- 
erochromic eye color were at risk of developing this side 
effect. Because PGF, analogues are selective agonists of FP 
receptors, it is likely that FP-receptor activation is involved in 
this phenomenon. Results of different studies suggest that 
latanoprost can stimulate tyrosinase gene transcription in the 
iris*’” and that latanaprost-induced melanogenesis most likely 
results from stimulation of iridal melanogenesis rather than 
melanocyte proliferation.***“°° Endogenous PGE, produced 
by iridal melanocytes exposed to latanoprost might also con- 
tribute to the increased melanogenesis.‘”* Iris darkening in 
humans has raised concerns about the possibility of develop- 
ment of precancerous lesions or pigmentary glaucoma in 
some individuals, but presently no evidence of harmful conse- 
quences of this phenomenon has been reported.*?°"” As 
reported in humans, conjunctival hyperemia has been 
observed in dogs treated with latanoprost,’ which also 
induced epiphora, blepharospasm, and blepharedema when 
instilled in equine eyes.**° A moderate to marked miosis is 
usually present in dogs treated with the PGF, deriva- 
tives.4”48! The pupillary constriction is more limited when 
the drug is instilled only in the evening.**°*! The occurrence 
of miosis reflects the sensitivity of the canine sphincter muscle 
to the PGF,, which appears to act directly rather than through 
the release of adrenergic neurotransmitters.% Reports have 
also described miosis in cats and horses receiving 
latanoprost,‘””*8° as well as in cats treated with bimato- 
prost.4*° A consequence of the miotic effect of PG derivatives 
in companion animals is their contraindication in glaucoma 
secondary to subluxation or anterior luxation of the lens 
because of the potential pupillary block that may result from 
vitreous entrapment.*™ In addition, PG derivatives should be 
used cautiously in glaucomatous dogs with intraocular inflam- 
mation*™ and also in aphake or pseudophake subjects because 
they may lead to disruption of the blood—aqueous barrier in 
these subjects.°°! Because most horses with secondary glau- 
coma appear to be at risk for recurrent uveitis, PG analogues 
have the potential to exacerbate the inflammatory process and 
should be used with caution in these animals.**° 


Osmotic Agents 
Mechanism of Action 


After oral or intravenous administration, osmotic agents (also 
called hyperosmotic agents) are distributed in the extracellular 
fluids (primarily plasma), thereby contributing to a substantial 
increase in their osmolality. This increase creates an osmotic 
gradient in which the extracellular fluids are hypertonic to 
intraocular fluids (1.e., aqueous and vitreous humors), from 
which they are separated by semipermeable membranes (i.e., 
blood—aqueous and blood—vitreous barriers). This osmotic 
gradient favors the diffusion of water from the intraocular 
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fluids back into the plasma.*°°™ This fluid shift has two 
effects on the eye. First, it inhibits the ultrafiltration process 
that contributes to aqueous humor formation, and second, it 
reduces the volume of the vitreous body. Shrinkage of the vit- 
reous displaces the iris—lens plane posteriorly and subse- 
quently opens the iridocorneal angle, allowing for better 
drainage.“ As a final result, IOP is reduced. For the pharma- 
cologic effects of osmotic agents to occur, they should not 
cross the blood—aqueous and blood—vitreous barriers. If for 
any reason integrity of either barrier is compromised, as in 
ocular inflammation, the osmotic agent may leak into the 
intraocular fluids, and the extent of osmosis as well as of ocu- 
lar hypotension will be reduced.* Because of its large molec- 
ular weight, mannitol penetrates in the eye less than other 
osmotic agents in presence of ocular inflammation.>® Other 
factors important in the establishment of an adequate osmotic 
gradient between plasma and intraocular fluids include the 
dosage of the drug, its molecular weight, and its systemic 
bioavailability (rate of absorption for oral route and rate of 
elimination). Water deprivation for up to 4 hours following the 
use of an osmotic agent will reduce the extracellular fluid vol- 
ume and enhance the increase in blood osmolality and the 
resulting hypotensive ocular effect.5% 


Products Available 


Mannitol, a six-carbon sugar, is poorly absorbed from the gas- 
trointestinal tract and must therefore be administered intra- 
venously. It is available in concentrations of 5% to 25%, but 
the 20% solution is most often used in ophthalmology. The 
dose for the lowering of IOP in dogs ranges from 1 to 2 g/kg 
infused over a period of 20 to 30 minutes.” To increase the 
effectiveness of the drug, one fifth of the total dose can be 
administered rapidly over the first 2 to 5 minutes.™ 

Following intravenous administration of 1.5 g/kg mannitol, 
JOP of normal canine eyes decreases from baseline values in 
times ranging from 0.25 to 5.5 hours. A mean maximal 
depression of 9 mmHg occurs 1.5 hours after administra- 
tion.*°’ It has been assumed that in patients with acute glau- 
coma, mannitol is a most effective hyperosmotic agent, 
reducing intraocular pressure within 0.5 to 1 hour, with the 
effect lasting for some 6 to 10 hours.*’* Mannitol is not metab- 
olized but is filtered across the glomerulus and excreted in the 
urine without reabsorption by the renal tubules, causing a 
marked diuresis. If mannitol is infused during surgery, bladder 
catheterization is advisable to prevent uncontrolled urination 
during the recovery period. 

Glycerin, or glycerol, is a trihydric alcohol that is rapidly 
absorbed from the gastrointestinal tract after oral administra- 
tion. The drug is marketed as flavored commercial prepara- 
tions of 50% and 75% glycerin. Glycerin USP, which contains 
approximately 1.25 g of glycerin per milliliter, may also be 
used and mixed in milk or syrup to improve palatability.*° 
Glycerin is administered perorally or in food in a daily dose of 
1 to 2 g/kg. Occasionally, animals may experience nausea 
or vomiting after ingestion of the drug. The incidence of 


vomiting appears to be dose dependent, occurring most 
frequently with doses higher than 2g/kg.°°°? Administra. 
tions of 1.44 g/kg glycerin in healthy dogs led to a significant 
ocular hypotensive effect, occurring within | hour and lasting 
about 10 hours.°°’ Glycerin is metabolized into glucose, sọ 
hyperglycemia and glycosuria may ensue.*”* Weight gain may 
be another consequence of glycerin metabolism if the drug js 
administered for a prolonged period. Because this agent js 
readily metabolized, it induces less diuresis than mannitol, 
Isosorbide is a dihydric alcohol that resembles mannitol in 
chemical structure and can be given orally. It is available ag a 
45% flavored solution. Unlike glycerin, it is totally inert 
and does not produce elevated blood glucose. In humans, g 
dose of 1.5 to 2.0 g/kg induces an ocular hypotensive effect 
similar to that of 1 to 1.5 g/kg glycerin. A daily dose of 
1.5 g/kg is recommended in the dog,*” although there is cur- 
rently no published study documenting its effect on IOP in 


* this species. 


Clinical Use 


Osmotic agents are used mainly in the emergency treatment of 
acute glaucoma.*’7>"4°> These compounds are employed for 
short-term control of IOP; they are not practical for prolonged 
therapy.°’° Rapid reduction of intraocular pressure is usually 
achieved with mannitol rather than with glycerin. Both drugs, 
however, can be used in combination for maintenance of nor- 
mal intraocular pressure. Mannitol is infused first; 6 to 8 hours 
later, glycerin can be administered and repeated as necessary 
for maintenance.5 Osmotic agents are also indicated to 
reduce intraocular pressure in patients with hyphema, but their 
value in facilitating the resorption of anterior chamber hemor- 
rhage is not clearly established. Mannitol may be employed 
preoperatively or intraoperatively to lower IOP and reduce vit- 
reous volume." This drug may also be used both before and 
during surgical procedures on the lens (i.e., cataract surgery, 
removal of a luxated or subluxated lens), because shrinkage of 
the vitreous body reduces the incidence and severity of vitre- 
ous prolapse. Finally, osmotic agents are indicated after 
intraocular surgery to relieve ciliary block glaucoma.* 


Side Effects and Contraindications 


The major potential toxicity of intravenous osmotic agents is 
related to their effect on the volume and distribution of body 
fluids. Mannitol may quickly expand extracellular fluid vol- 
ume and subsequently overload the cardiovascular sys- 
tem.502503506 This acute expansion of extracellular fluid 
volume may precipitate pulmonary edema in patients with 
cardiac failure or who are under general anesthesia. Deaths 
due to pulmonary edema occurred in a few dogs and cats that 
underwent ophthalmic surgery and were given mannitol while 
anesthetized with methoxyflurane in oxygen.°® Subsequent 
studies have shown that infusion of 2.2 g/kg of 20% mannitol 
in healthy dogs, under the same anesthetic regimen of 
methoxyflurane with oxygen maintenance, increases central 
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venous pressure enough to produce pulmonary perivascular 
and interstitial edema.°!° Infusion of a lower dose (0.25 g/kg) 
of 25% mannitol in dogs anesthetized with halothane does not 
induce significant changes in cardiovascular variables but has 
no effect on IOP." Mannitol does not cross the blood-brain 
barrier and thus extracts water from cerebral fluid and tissue. 
Cerebral dehydration induced during the phase of maximal 
plasma hyperosmolization has been found in association with 
side effects such as nausea, vomiting, and changed conscious- 
ness. Shrinking the brain could also promote subdural 
hematoma. Mannitol should be avoided in patients with 
renal failure. Glycerin should be avoided in patients with dia- 
betes mellitus because the drug is converted to glucose. 


Neuroprotective Therapy of Glaucomatous 
Optic Neuropathy 


Glaucoma is characterized by loss of retinal ganglion cells 
(RGCs) and their axons in the optic nerve, referred to as glauco- 
matous optic neuropathy (GON). There is no doubt that IOP is 
an important risk factor for the development of optic nerve 
damage at the level of the lamina cribrosa, but other factors may 
act in combination to cause atrophy and loss of RGCs.5!%5!3 The 
goal of glaucoma treatment in humans is to preserve the visual 
field and prevent the loss of visual function associated with the 
disease. The conventional treatment of glaucoma has been 
directed toward controlling IOP, because scientific evidence 
shows that lowering JOP in patients with glaucoma is beneficial 
to decrease the rate of RGC loss.*'* However, clinical trials 
showed that even with excellent control of IOP, some patients 
have worsening visual field resulting from progressive RGC 
loss. The rationale for a therapeutic strategy directed at keeping 
RGCs alive and functional when lowering JOP is not enough, or 
is difficult to achieve, therefore derived from these clinical 
observations. The current understanding of the pathophysiol- 
ogy of the GON indicates that RGCs die in glaucoma via apop- 
tosis, which might have several causes, including compromised 
blood flow to the optic nerve, blockade of retrograde axonal 
transport of trophic factors that facilitate RGC survival, and 
excitotoxic injury to the nerve cell.5!™516 Treatments that aim to 
directly protect the RGC against glaucomatous damage, there- 
fore, may be achievable through correction of compromised 
blood flow through the use of vasoactive agents or reduction of 
IOP, use of neurotrophic factors to influence the survival of 
injured RGCs, and prevention of excitotoxic RGC death. Exci- 
totoxicity refers to the pathophysiologic condition in which 
excitatory amino acids (EAAs), such as glutamate and aspar- 
tate, excite the neurons excessively, resulting in neurotoxicity 
and neural death.>!? A variety of findings in humans with glau- 
coma and animals with experimental hypertension have sug- 
gested that an increase in glutamate levels may be involved in 
glaucomatous RGC loss by overactivation of N-methyl-D- 
aspartate (NMDA) receptors on RGC cell bodies.*'” A large 
variety of agents may potentially prevent excitotoxicity such as 
Ca** channel blockers, EAA receptor antagonists, nitric oxide 
inhibitors, and free radical scavengers.*!?°!? Neuroprotection 
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also has been demonstrated in animal models of glaucoma with 
conventional antiglaucoma agents such as brimonidine, timolol, 
and dorzolamide.5'*>!° Pharmacologic neuroprotection is now 
being tested in clinical trials and probably will take more place 
in the management of human primary open-angle glaucoma in 
the next few years. 
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Part 3: Mydriatics/Cycloplegics, Anesthetics, Ophthalmic 
Dyes, Tear Substitutes and Stimulators, Intraocular 
irrigating Fluids, Topical Disinfectants, Viscoelastics, 
Fibrinolytics and Antifibrinolytics, Antifibrotic Agents, 
Tissue Adhesives, and Anticollagenase Agents 


lan P. Herring 


MYDRIATICS/CYCLOPLEGICS 


Pharmacological agents used to achieve pupillary dilation, 
relieve ciliary spasm, or both, have a variety of ophthalmic 
diagnostic and therapeutic applications. The agent of choice is 
generally dictated by the goal of the practitioner. In a diagnos- 
tic setting, mydriasis is commonly induced to facilitate visual 
examination of the posterior segment of the eye, in which case 
a short-acting agent with or without significant cycloplegic 
effect may be chosen. While cycloplegia is important to 
refraction in humans and primates, refraction by retinoscopy 
is reportedly unaffected by cycloplegia in dogs.!? In the man- 
agement of iridocyclitis, more prolonged mydriasis and sig- 
nificant cycloplegia are often desired. In such cases, the 
mydriasis will help prevent posterior synechia between the 
iris and lens surface, and relaxation of the ciliary body will 
relieve some of the discomfort associated with uveitis. Mydri- 
asis is also required for cataract extraction surgery and other 
surgeries of the posterior segment. 

Mydriatic agents achieve pupillary dilation by either paral- 
ysis of the pupillary sphincter (e.g., cholinergic antagonists) 
or stimulation of the iris dilator muscle (e.g., sympathomimet- 
ics). Generally speaking, drugs that induce pupillary sphincter 
paralysis also cause some degree of cycloplegia, while those 
that stimulate the iris dilator musculature do not. While 
mydriatic/cycloplegic medications are generally applied topi- 
cally, reports on the use of intracameral mydriatics during 
phacoemulsification have recently appeared.>* 

With regard to speed of onset, completeness of effect, and 
duration of effect, the effects of mydriatic/cycloplegic med- 
ications vary by species. In addition, certain ophthalmic dis- 
ease states (e.g., uveitis) will also affect these parameters. 
Results from various studies of mydriatic and cycloplegic 
agents conducted in companion animal species are summa- 
rized in Tables 7.3.1, 7.3.2, 7.3.3, and 7.3.4. 
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Cholinergic Antagonists 
Mechanism of Action 


Cholinergic antagonists act through a reversible blockade of 
cholinergic receptors in smooth muscle and secretory glands. 


Clinical Indications 


Cholinergic antagonists are used clinically to facilitate visual- 
ization during ophthalmic examination and surgery of the lens 
and posterior segment. They also have therapeutic indications 
in the management of iridocyclitis. 


Side Effects/Contraindications 


Mydriatic agents should be avoided in cases of glaucoma, 
where pupillary dilation may cause a severe rise in intraocular 
pressure. Dilation of the pupil may also allow an unstable lens 
to fall anteriorly, potentially resulting in pupillary block glau- 
coma. Topical application of some anticholinergic agents may 
induce a substantial reduction in aqueous tear production.” 
Salivation (sometimes profound) is noted frequently and vom- 
iting occasionally seen following topical administration of 
some anticholinergics, presumably due to their bitter taste.°* 
Systemic side effects are a particular concern in horses 
because of their potential for inducing colic. Decreases in gas- 
trointestinal myoelectric activity, decreased borborygmi, and 
abdominal pain have been documented following topical and 
subconjunctival administration of atropine in this species.*"” 


Tropicamide 

Tropicamide is available as a 0.5% and 1.0% solution. It is a 
rapid-acting drug, producing complete mydriasis within 30 
minutes in dogs, where its effects begin to wane as quickly as 
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Table 7.3.1 Mydriatics and Mydriatic/Cycloplegics in the Dog 
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Time until 
Drug Maximum Dilation (hours) Duration (hours) Extent of Dilation 
Parasympatholytics 
4% Atropine 1.0 96-120 Maximal 
4% Atropine 0.75 96-120 Maximal 
0.25% Scopolamine 0.75 96-120 Maximal 
1% Cyclopentolate 0.75 60 Maximal 
1% Tropicamide 0.5 12 Maximal 
2% Homatropine 0.75 48 Moderate 
5% Homatropine 0:75 48 Moderate 
Sympathomimetics 
10% Phenylephrine 20 12-18 Maximal 
0.1% Epinephrine — — None 
1% Epinephrine 1.0 Maximal 
2% Epinephrine 0.75 Moderate 


Data from Rubin LF, Wolfes RL. Mydriatics for canine ophthalmoscopy. J Am Vet Med Assoc 1962;140:137-141; and Gwin RM, Gelatt KN, Gum 
GG, Peiffer RL. Effects of topical -epinephrine and dipivalyl epinephrine on intraocular pressure and pupil size in the normotensive and glauco- 


matous beagle. Am J Vet Res 1978;39:83-86. 


4 
S 


Table 7.3.2 Mydriatics and Mydriatic/Cycloplegics in the Cat 


Drug Maximum Dilation (hours) 


Parasympatholytics 


1% Atropine 1.0 

4% Atropine 0.5 

1% Cyclopentolate 0.5 
2% Cyclopentolate 0.57 
0.5% Tropicamide 0.75" 
1% Tropicamide 0.75? 
2% Homatropine 0.75 


Sympathomimetics 
10% Phenylephrine = 
2% Epinephrine = 


Parasympatholytic/sympathomimetic 
combinations 


1% Atropine/10% phenylephrine 1.0 
1% Cyclopentolate/10% phenylephrine 0.5 
2% Homatropine/10% phenylephrine 1.0 


Time until 
Duration (hours) Extent of Dilation 

60 Maximal 
144 Maximal 
66 Maximal 
108 Maximal 
8-9 Maximal 
8-9 Maximal 

7 Moderate 
— None 

— None 
120 Maximal 
108 Maximal 
24 Moderate 


Adapted with permission from Gelatt KN, Boggess TS, Cure TH. Evaluation of mydriatics in the cat. J Am Anim Hosp Assoc 1973;9:283-287. 


4Reached ~80% of maximal dilation in 0.25 hours. 


2 hours following instillation. In cats, mydriasis occurs 
within 15 minutes and lasts approximately 10 hours.’ Because 
of its rapid onset, completeness of mydriasis and relatively 
short duration of action, it is well suited for diagnostic mydri- 
asis. Tropicamide is also useful for inducing mydriasis prior 
to cataract extraction surgery; multiple doses are commonly 
applied in the hours preceding the procedure. In this setting, 


the relatively short duration of action may provide additional 
benefit because it is perhaps less likely to exacerbate postoper- 
ative intraocular pressure spikes than longer acting agents 
such as atropine. 

While excellent mydriasis can be achieved with tropi- 
camide, its cycloplegic effect is not as pronounced as that of 
atropine, homatropine, or cyclopentolate, somewhat limiting 
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Table 7.3.3 Mydriatics and Mydriatic/Cycloplegics in the Cow 


Time until 
Drug Maximum Dilation (hours) Duration (hours) Extent of Dilation | 
Parasympatholytics ein | 
1% Atropine 0.75 24 Moderate 
3% Atropine 2 168 Maximal 
0.25% Scopolamine 2 144 Maximal 
1% Cyclopentolate 12 48 Moderate 
2% Cyclopentolate 12 96 Maximal 
0.5% Tropicamide gb 3 Moderate 
1% Tropicamide ge 8 Moderate 
2% Homatropine an 48 Moderate 
Sympathomimetics 
10% Phenylephrine — — None 
Parasympatholytic/sympathomimetic combinations 
1% Atropine/10% phenylephrine 2 24 Moderate 


—— 


Adapted with permission from Gelatt KN, Gum GG, MacKay EO. Evaluation of mydriatics in cattle. Vet Comp Ophthalmol 1995;5:45—49. 


aReached ~50% of maximal dilation in 0.75 hours. 
bReached ~50% of maximal dilation in 0.50 hours. 


Table 7.3.4 Mydriatics and Mydriatic/Cycloplegics in the Horse 


Time until 
Drug Maximum Dilation (hours) Duration (hours) Extent of Dilation 
Parasympatholytics 
1% Atropine 10 132 Maximal 
3% Atropine 12 264 Maximal 
0.25% Scopolamine 4 108 Maximal 
1% Cyclopentolate 12 96 Maximal 
2% Cyclopentolate 12 120 Maximal 
0.5% Tropicamide 1 5 Maximal 
1% Tropicamide 5a 12 Maximal 
2% Homatropine 3 8 Moderate 
Sympathomimetics 
10% Phenylephrine =, — None 
Parasympatholytic/sympathomimetic combinations 
1% Atropine/10% phenylephrine 8 84 Maximal 

z 


Adapted with permission from Gelatt KN, Gum GG, MacKay EO. Evaluation of mydriatics in horses. Vet Comp Ophthalmol 1995;5:104-108. 


4aReached ~95% of maximal dilation in 0.75 hours. 


its usefulness in the treatment of discomfort associated with 
uveitis.''~'* However, tropicamide has been shown to reduce 
blood—aqueous barrier permeability.!>!© With regard to poten- 
tial effects on aqueous tear production, a single application of 
tropicamide does not cause a reduction in STT values in nor- 
mal dogs but causes a transient STT decline in cats."” 


Atropine 


Atropine sulfate is available as a 0.5% to 2.0% solution as 
well as a 1% ointment. Because of its potent mydriatic and 


cycloplegic effects and long duration of action, atropine 1s 
often the cycloplegic agent of choice in cases of iridocyclitis. 

Onset and duration of action varies somewhat by species. 
Maximal pupillary dilation occurs in 30 to 60 minutes in normal 
dogs, cats, and cattle.°*:'* In dogs, using 1% solution, maximum 
mydriasis is noted in 1 hour and mydriasis lasts 96 to 120 hours, 
whereas in cats mydriasis occurs in 30 to 45 minutes and persists 
for 60 hours.* In the horse, 1% atropine sulfate begins to take 
effect within approximately 45 minutes, but mydriasis does not 
become maximal until 10 to 48 hours postadministration.|°”” 
Duration of action in horses may extend beyond 14 days, with 


female and Arabian breeds being potentially more sensitive to 
the mydriatic effects of the drug.” Iridal melanin binding of 
atropine is well documented in humans and rabbits,” where it 
subsequently acts as a slow-release depot and extends atropine’s 
duration of action in eyes with heavily pigmented irides. 

Side effects of topical atropine in dogs and cats are com- 
mon and include profuse salivation and occasional vomit- 
ing.o* These side effects are likely related to the bitter taste of 
the drug, which is ingested after exiting the nasolacrimal duct 
and can be minimized to some degree by the use of ointment 
instead of solution. Contact allergic periocular dermatitis 
associated with ophthalmic atropine has been documented in 
the human literature, and the author has occasionally noted it 
in animals. It is important to recognize this potential problem 
so that it is not confused with exacerbation of the disease 
under treatment. Delirium has been reported following topical 
atropine administration in humans” and is also noted occa- 
sionally in older dogs, where it is usually manifest as compul- 
sive circling and resolves when the drug is discontinued.” 


Homatropine 


In dogs and cats, homatropine acts more slowly than atropine 
and does not achieve complete mydriasis.“ Mydriasis gener- 
ally subsides within 10 hours in cats* and 24 hours in dogs.® In 
horses, homatropine is a less effective mydriatic with a shorter 
duration of action than atropine but somewhat longer than 
tropicamide.!° 


Scopalamine 


Scopalamine is a potent mydriatic with a rapid onset of action 
and long duration in dogs, horses, and cattle.%!*! 


Cyclopentolate 


Cyclopentolate is an effective mydriatic/cycloplegic with a 
duration of action comparable to that of atropine in dogs, cats, 
horses, and cattle.°*!8!9 Maximal pupillary dilation in dogs 
and cats occurs within approximately 45 minutes and persists 
for over 24 hours in dogs® and over 60 hours in cats.* Conjunc- 
tival edema has been reported as a common side effect of topi- 
cal application of cyclopentolate in dogs® but not cats. 
Intracameral administration of cyclopentolate has recently 
been reported as a safe and effective method of achieving 
mydriasis during phacoemulsification in humans.** 


Sympathomimetics 
Mechanism of Action 


Sympathomimetic effects on the iris include direct stimulation 
of a-adrenergic receptors in the iris dilator musculature. 


Clinical Indications 


Sympathomimetics are useful in potentiating the effects of 
other mydriatic medications in some species and in providing 
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adjunct mydriasis and vasoconstriction during ocular surgery. 
Adrenergic agents are also useful in the diagnosis of sympa- 
thetic ocular denervation (Horner’s syndrome).”° 


Side Effects/Contraindications 


Side effects following ophthalmic application of sympath- 
omimetic medications are rare. Arterial hypertension has been 
described in a series of dogs receiving topical phenylephrine 
in preparation for cataract extraction surgery, although none 
of those cases experienced recognized clinical complications 
related to the hypertension.” Topical administration of 10% 
phenylephrine in research dogs elicited a dose-dependent arte- 
rial hypertensive response and associated bradycardia.” 
While they are unlikely to cause clinical complications in rou- 
tine clinical use, it is advisable to use caution regarding oph- 
thalmic administration of sympathomimetics in dogs with 
known or suspected arterial hypertension. Due to myocardial 
sensitization to epinephrine induced by halothane anesthesia 
and the attendant risk of inducing cardiac arrhythmias, it is 
prudent to avoid intracameral epinephrine in animals under- 
going halothane anesthesia’?! or receiving thiobarbitu- 
rates.?™35 Similar concerns may be valid when using propofol 
anesthesia.*° 


Phenylephrine 


Ophthalmic phenylephrine hydrochloride is available in 2.5% 
and 10% solutions. A direct-acting a,-adrenergic agonist, 
phenylephrine causes local ocular effects of mydriasis and con- 
junctival vasoconstriction following topical ophthalmic admin- 
istration. It is commonly used in conjunction with other 
medications to maximize pupillary dilation for diagnostic and 
therapeutic purposes and alone to help localize the site of sym- 
pathetic denervation in Horner’s syndrome.”° Because of the 
absence of cycloplegic effects from phenylephrine, its useful- 
ness in treatment of iridocyclitis is limited to helping achieve 
mydriasis when posterior synechia is present. While it does 
achieve complete pupillary dilation in the dog, the time to com- 
plete mydriasis is too slow (approximately 2 hours) for the drug 
to be practical as the sole agent in achieving diagnostic mydria- 
sis. It is an ineffective sole mydriatic agent in the cat but pro- 
longs the action of parasympatholytics.* Phenylephrine has no 
significant mydriatic effect in horses when applied alone or in 
combination with tropicamide'?*’ and may shorten the duration 
of mydriasis achieved with atropine.'? Because phenylephrine 
appears to potentiate the mydriatic effect of other medications in 
some species, it is often considered a useful adjunct medication 
to facilitate mydriasis in preparation for intraocular surgery. 


Epinephrine 


Applied topically, 0.1% epinephrine is an ineffective 
mydriatic, but at 1% to 2% concentrations, incomplete mydria- 
sis of short duration occurs.** Topical 2% epinephrine is an 
ineffective mydriatic in the cat.’ Intracameral epinephrine is 
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commonly used to help achieve maximal pupillary dilation 
during intraocular surgery, where it is instilled by itself as a 
dilute solution (1:10,000) or added to irrigating fluids 
(1:1,000,000). Several clinical trials have confirmed the effi- 
cacy of this latter approach.*?! Intracameral epinephrine may 
also help provide intraocular hemostasis through its vasocon- 
strictive properties. It is imperative that epinephrine introduced 
into the anterior chamber be preservative-free and bisulfate-free 
because of endothelial toxicity associated with these addi- 
tives.® 


Indirect-Acting Sympathomimetics 


Cocaine and hydroxyamphetamine are indirect-acting sympa- 
thomimetic agents with applications predominantly related to 
the localization of nerve lesions causing ocular sympathetic 
denervation (Horner’s syndrome). Cocaine has sympath- 
omimetic activity through prevention of norepinephrine reup- 
take by the nerve terminus, resulting in a buildup of 
norepinephrine at the synapse. In humans, cocaine is an effec- 
tive mydriatic in the normal eye and can be used to confirm 
(but not localize) Horner’s syndrome by virtue of the fact that 
an iris with sympathetic denervation will not dilate. In normal 
dogs, 4% cocaine exerts no mydriatic effect. However, it has 
been suggested that 6% cocaine applied topically is useful in 
confirming Horner’s syndrome in dogs and cats,” as it is in 
people. Hydroxyamphetamine elicits release of norepineph- 
rine from sympathetic nerve endings. When applied topically 
in animals with Horner’s syndrome, it causes pupillary dila- 
tion in those with preganglionic sympathetic disruption but 
not in those with a postganglionic lesion.“ 


LOCAL ANESTHETICS 


The applications of local anesthetic agents in veterinary oph- 
thalmology are numerous. Pertinent routes of administration 
include topical application and intracameral, intravenous and 
regional injection. 

All local anesthetics act by impeding sodium ion entrance 
to the axon interior, thereby preventing nerve depolarization.“ 
Local anesthetics share a common general structure, which 
consists of a hydrophilic amino group (a secondary or tertiary 
amine) linked by an amide or ester linkage to a lipid-soluble 
aromatic residue. Many of the pharmacological differences 
between the various local anesthetics are determined by the 
nature of this amide-ester linkage.*° 


Topical 

Topical anesthetics facilitate many veterinary ophthalmic 
diagnostic and therapeutic procedures, including tonometry, 
corneal and conjunctival scrapings, corneal suture and foreign 
body removal, nasolacrimal canalicular manipulations, and 
intracameral injection. Topical anesthetics are sometimes 
employed in a modification of the Schirmer tear test to investi- 
gate basal tear production, wherein the anesthetic causes 
a substantial reduction in Schirmer values.“ Topical 


ophthalmic anesthetics can also be used intraoperatively to 
increase corneal analgesia and may thereby allow mainte. 
nance of a lower plane of anesthesia. However, due to thei; 
toxic effects on corneal epithelium, repeated application of 
such agents may be injurious.’ The effects of topical anes. 
thetics on precorneal tear film stability have been evaluated 
with variable results. Topical oxybuprocaine has no effect on 
precorneal tear film stability,*! while topical proparacaine 
reportedly destabilizes the tear film.” 

Because of their toxic effects on corneal epithelium, topi- 
cal anesthetics should never be used as therapeutic agents, 49.50 
Numerous reports in the human ophthalmic literature high- 
light the potentially devastating ocular consequences of topi- 
cal anesthetic abuse. It should also be kept in mind that topical 
anesthetics have demonstrated antimicrobial activity, so cor- 
neoconjunctival cultures should be obtained prior to applying 
these agents.°3-4 

Cocaine was the first drug utilized for corneal anesthesia, 
but deleterious effects on the corneal epithelium as well as 
unnecessary sympathomimetic pupillary effects have ren- 
dered it a historical footnote in this application. Currently, the 
two compounds most commonly used for topical ophthalmic 
anesthesia in veterinary ophthalmology are proparacaine and 
tetracaine. 


Proparacaine 


Available as a 0.5% solution, proparacaine hydrochloride is a 
well-tolerated and effective topical ophthalmic anesthetic. In 
humans, proparacaine reportedly causes less discomfort and 
exerts a longer anesthetic effect than tetracaine following oph- 
thalmic instillation.°°* In dogs, using Cochet-Bonnet esthe- 
siometry as a measurement tool, a single application of topical 
proparacaine results in a significant anesthetic effect lasting 
45 minutes, with maximal effect lasting approximately 15 
minutes.” Application of a second drop extended the 
detectable duration of effect to 55 minutes.*” In cats, the dura- 
tion of corneal anesthesia induced by topical proparacaine is 
approximately 25 minutes.” Total duration of action of 
proparacaine in rabbits has been reported as 63 minutes.°! As 
topical anesthetic drug effects begin to wane, recovery of 
corneal sensation follows a steep curve in all species that have 
been studied. 


Tetracaine 


Tetracaine is available as an ophthalmic ointment and solution 
and is an effective topical anesthetic. In humans, discomfort 
upon instillation of tetracaine is significantly more prolonged 
with tetracaine than proparacaine,*”** and duration of corneal 
anesthesia is slightly shorter.’ Ocular sensitivity manifest by 
symptoms of acute conjunctival hyperemia, chemosis, and 
nictitans protrusion has been reported in dogs following topi- 
cal application.” The duration of effect of topical tetracaine 
has not been reported for companion animal species. 


Intracameral 


Intracameral anesthetics have been recently employed as an 
adjunct method of pain control in humans undergoing cataract 
extraction surgery. Studies have shown preservative-free lido- 
caine at concentrations of 1% or less to be safe with regard to 
short-term endothelial toxicity. In dogs, intracameral 
administration of 0.1 ml 1% and 2% preservative-free lido- 
caine caused no clinically detectable adverse effects on 
corneal endothelial density or morphology, corneal thickness, 
or IOP. Preservative-free 0.5% bupivacaine, which is more 
potent and longer-acting than lidocaine, has also been shown 
effective for intracameral anesthesia in people but may carry 
additional concerns for endothelial toxicity.°’ Studies on the 
clinical effectiveness and utility of intracameral anesthesia 
during phacoemulsification or other intraocular procedures in 
companion animals have yet to be reported. 


Regional Injection 


Regional injection of anesthetic agents may be applied to 
achieve eyelid akinesia (via auriculopalpebral nerve block), 
local analgesia through local infiltration or line blocks, or 
globe akinesia and analgesia via peribulbar and retrobulbar 
injection. The local anesthetic agents with the widest oph- 
thalmic application include lidocaine and bupivacaine. Lido- 
caine, an intermediate-acting local anesthetic, has a rapid onset 
of action and provides approximately 45 minutes to 1 hour of 
clinical effect.’ Bupivacaine is approximately 4 times more 
toxic than lidocaine but is also four times more potent and 
thereby provides significantly longer anesthetic effect, lasting 
approximately 5 to 10 hours when used as a 0.5% solution.®? 

Lidocaine 2% appears to be the most popular local anes- 
thetic used for auriculopalpebral nerve block in animals. 
Although numerous local anesthetics and combinations have 
been used for retrobulbar or peribulbar injection in human 
ophthalmic practice, a combination of lidocaine and bupiva- 
caine is perhaps most popular, with lidocaine providing rapid 
onset and bupivacaine providing prolonged duration of 
effect.” The duration of effect of certain local anesthetics, 
particularly lidocaine, can be prolonged with the addition of 
epinephrine (5 ug/ml) to the injection.*° The addition of 
hyaluronidase to peribulbar or retrobulbar anesthetic injection 
is reported to improve the speed and quality of the block.7!”” 

Retrobulbar and peribulbar injection of local anesthetic can 
be a useful adjunct to general anesthesia during ophthalmic 
surgery in animals.” In addition to providing akinesia and 
analgesia, reported benefits include abolishing the oculocar- 
diac reflex.”"’> Postoperative comfort may also be improved. 
A recent study in humans revealed improved hemodynamics 
and a near-significant trend of decreased immediate postoper- 
ative pain when preemptive retrobulbar anesthetics were used 
during enucleation.” In domestic animal species, retrobulbar 
anesthetic blocks have been described in cattle, horses, and 
dogs.’*778 Anecdotally, peribulbar and retrobulbar injection 
of local anesthetics is being performed with increasing fre- 
quency for enucleation in veterinary patients, but clinical 
effectiveness studies have yet to be described. 
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Significant reported complications of peribulbar and 
retrobulbar injections in humans include globe perfora- 
tion,” anesthetic myotoxicity,®!*>* and brain stem anes- 
thesia. Numerous less significant complications, such as 
orbital hemorrhage? and chemosis, may also occur. In 
humans, central nervous system complications of retrobulbar 
anesthesia are rare but well documented.***°*’ This complica- 
tion is most commonly believed related to penetration of the 
optic nerve sheath and subarachnoid injection of the anes- 
thetic agent.***° With increasing amounts of anesthetic agent 
placed in the retrobulbar space, risk of respiratory arrest 
increases via mechanisms not related to direct CNS or vascu- 
lar injection." Though it is poorly documented in animals, the 
author has witnessed sudden death in a calf during a Peterson 
block. Anesthetic extraocular myotoxicity has been blamed 
for postoperative strabismus and diplopia following local oph- 
thalmic anesthesia in humans.*!~*? There appear to be differ- 
ences in the extraocular myotoxic effects of local anesthetic 
agents depending on the species studied and the site of injec- 
tion (i.e., within or adjacent to muscle).°°? This complication 
has not been reported in veterinary patients. In many regards, 
peribulbar anesthesia is reportedly as effective as and safer 
than the retrobulbar route.**°* Finally, sub-Tenon’s (episcle- 
ral) anesthesia appears to be gaining popularity in human oph- 
thalmic surgery as a safer and equally effective method of 
achieving eyelid and globe akinesia and analgesia.?>"° 


Intravenous 


Intravenous lidocaine appears to be gaining popularity in vet- 
erinary anesthesia, and systemic lidocaine infusion has been 
recently shown to be as effective as morphine in provision of 
intraoperative analgesia during phacoemulsification in dogs.” 


OPHTHALMIC DYES 


Several dyes have diagnostic application in veterinary oph- 
thalmology. While fluorescein dye is undoubtedly in widest 
use, rose bengal and trypan blue are also employed by veteri- 
nary ophthalmologists. Based upon its reported characteris- 
tics, lissamine green might have potential application in 
veterinary ophthalmology as well. 


Fluorescein 


Sodium fluorescein (mw 376 daltons) is a water-soluble 
hydroxyxanthene dye with a number of diagnostic applica- 
tions. It is undoubtedly the most widely used dye in veterinary 
ophthalmology and is available as a 2% alkaline solution or as 
dye impregnated paper strips. 

Topical application of fluorescein is perhaps most com- 
monly utilized to help determine the integrity of the corneal 
epithelium. Following application, the ocular surface is rinsed 
thoroughly with eyewash solution. Dye will not adhere to an 
intact epithelial surface, but if a corneal ulcer is present, the 
dye will stain the exposed hydrophilic corneal stroma. 
Corneal erosions (which by definition do not penetrate the 
basement membrane of the epithelium) and disruptions in 
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superficial epithelial intercellular junctions will stain only 
very lightly because of the small amount of exposed 
hydrophilic substance. The sensitivity of this test is increased 
with the use of a cobalt blue light source (wavelength 
465-490 nm), which causes bright green fluorescence of the 
dye. Because presence of fluorescein may interfere with inter- 
pretation of fluorescent antibody—based testing for infectious 
agents, samples for such should be collected prior to the topi- 
cal application of fluorescein.” Topically applied fluorescein 
can also be used to investigate for leakage of aqueous humor 
from corneal incisions or wounds (Seidel test). To perform the 
Seidel test, highly concentrated fluorescein is applied to the 
corneal surface without flushing. At high concentrations, fluo- 
rescein solution appears orange on the ocular surface. Leaking 
aqueous humor will dilute the fluorescein locally and produce 
a brightly fluorescing stream from the leakage site. Tear film 
stability can be evaluated with the tear film breakup time, 
which utilizes topical fluorescein as an indicator dye. Follow- 
ing application to the corneal surface, the eyelids are main- 
tained open until dark spots appear in the stained tear film, 
which are indicators of dispersion of the tear film. Patency of 
the nasolacrimal system can be investigated by confirming the 
passage of topically applied fluorescein to the nares or phar- 
ynx. During this test, called the Jones test, the dye should not 
be rinsed, and normal blinking is allowed to occur. More spe- 
cialized veterinary ophthalmic applications of fluorescein dye 
include its use in retinal angiography and fluorophotometry. 
Fluorescein angiography is useful in the diagnosis and charac- 
terization of retinal and choroidal disease states. Measurement 
of ocular fluorescein concentrations via fluorophotometry 
allows in vivo determination of several important physiologic 
parameters, including tear film turnover and aqueous humor 
flow rate, and is a valuable technique for evaluating the 
blood-ocular barriers. 


Adverse Effects of Fluorescein 


Topical application of fluorescein is nonirritating but may 
cause temporary destabilization of the precorneal tear 
film.” When administered intravenously in humans, side 
effects including nausea, vomiting, and urticaria are not 
uncommon.!'®!-!3 Apparent nausea and occasional vomiting 
are also noted in some dogs administered intravenous fluores- 
cein. Photosensitivity has also been reported in humans. !04105 
The most serious consequence of intravenous fluorescein 
administration is potentially fatal anaphylaxis, which has been 
reported in humans and animals.!°° While anaphylaxis caused 
by fluorescein is rare, investigators should be aware of this 
potential. 


Rose Bengal 


Rose bengal is a halide derivative of fluorescein and is avail- 
able as a 1% solution and in impregnated paper strips. Oph- 
thalmic application via paper strip is reported to be much less 
irritating than application of solution.!°” 


Rose bengal is commonly employed to detect dendritic 
corneal epithelial ulcers caused by herpesviruses'™*! and hag 
recently been suggested to be useful in the diagnosis of 
corneal microerosions associated with equine keratomyco. 
sis.'!° Although rose bengal has classically been considered a 
vital stain, staining only dead or devitalized epithelial cells, it 
has been more recently demonstrated to stain healthy cornea] 
epithelium when there is poor coverage of the surface epithe- 
lium by the preocular tear film or its components.''!!!2 Roge 
bengal is therefore commonly employed in the diagnosis of 
keratoconjunctivitis sicca (KCS). 

Rose bengal has dose-dependent toxic effects on corneal 
epithelial cells.!!™!!3 In humans with KCS, corneal applica- 
tion of rose bengal in eyes preinstalled with fluorescein 
resulted in the appearance of fluorescein-positive microdots, 
likely related to disruption of superficial epithelial intercellu- 
lar junctions allowing fluorescein penetration.''* However, the 
clinical significance of these induced changes is unclear. Rose 
bengal also has toxic effects against bacteria!!*!!© and 
viruses.!!718 Activity against herpesvirus appears to be light 
dependent, and while rose bengal use can interfere with virus 
isolation, it appears to have no therapeutic effect in vivo,!!9 
However, its use prior to collection of samples for herpesvirus 
isolation may produce negative results.!'*:'7° Herpesvirus 
detection by polymerase chain reaction (PCR) is not affected 
by prior rose bengal staining.'”° 


Lissamine Green 


Lissamine green is a synthetic organic acid dye reported to 
have a staining profile similar to that of rose bengal.” It has 
been characterized as a true vital dye because it does not stain 
healthy cells even in the absence of the preocular tear film but 
does stain membrane-damaged cells.'” It has been suggested 
that lissamine green is equally as useful as rose bengal in the 
evaluation of the ocular surface in KCS patients, yet is better 
tolerated by patients.'?? Additionally, lissamine green is non- 
cytotoxic to corneal epithelial cells.''? Lissamine green has 
been reported to stain herpetic corneal epithelial lesions,” 
but it does not interfere with herpesvirus replication or PCR 
results." ?™!?? Despite these apparently appealing characteris- 
tics of this vital stain, its utility in veterinary ophthalmology 
has yet to be defined. 


Trypan Blue 


The azo dye trypan blue is seeing increasingly common use in 
human cataract surgery to stain the anterior lens capsule and 
facilitate its visualization during capsulorrhexis,'*!9 and it is 
used by many veterinary ophthalmologists for this purpose. It 
can be particularly helpful when complete cataract and lack of 
fundic reflex impair visualization of the anterior capsule. Vari- 
ous methods of dye application have been reported, including 
injection under air and injection under viscoelastic or mixed 
with viscoelastic.'?°!°? While concentrations of 0.1% are 
most commonly used, concentrations as low as 0.0125% 
reportedly achieve satisfactory capsular staining.!?” Based 
upon published in vitro studies, corneal endothelial toxicity 
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from 0.1% trypan blue should not be a concern under normal 
usage conditions. 013? 


TEAR SUBSTITUTES AND STIMULATORS 


Tear Substitutes 


Tear replacement solutions and ointments are widely used in 
the management of quantitative and qualitative tear film disor- 
ders in animals; the most common of these is canine immune- 
mediated KCS. Tear substitutes serve a host of purposes in 
these diseases, the most obvious being provision of lubrica- 
tion to improve comfort levels in affected animals. Addition- 
ally, optical aberrations induced by poor tear film quality! 
are improved with artificial tear supplementation, potentially 
resulting in improved vision.!*+'%5 A wide array of products of 
varying compositions are commercially available, some of 
which contain preservatives while others are preservative free. 
The recommended frequency of application depends upon the 
agent used and severity of disease. Because of corneal epithe- 
lial toxicity associated with preservatives, particularly ben- 
zalkonium chloride, use of preservative-free medications is 
often advocated for people with severe KCS in whom frequent 
application of solutions is indicated.'3*!%? Clinical trials to 
assess for clinically deleterious effects of artificial tears 
with preservatives have not been performed in companion ani- 
mals. Preservative-free tear substitutes are provided in single- 
dose packaging and are generally considerably more costly 
than products containing preservatives. 

Limitations to the use of tear substitutes include intermittent 
application (as opposed to the continuous flow of natural tears) 
and the inability of tear substitutes to replicate the specific 
molecular composition and trilaminar nature of the normal tear 
film. In order to improve tear substitute efficacy, improved 
corneal adhesion and prolonged corneal contact are desirable. 
Common agents included in tear replacement solutions include 
polyvinyl alcohol, cellulose polymers (e.g., methylcellulose, 
carboxymethylcellulose, hydroxypropyl methylcellulose), poly- 
ethylene glycol, dextran, polyvinylpyrrolidone, and hyaluronate. 
With their prolonged action relative to solutions, artificial tear 
ointments are also commonly utilized in the management of 
KCS. Due to the hypertonic nature of the tear film in KCS, most 
appropriate tear replacement products are hypotonic or isotonic. 
Studies have not been reported for companion animals, and 
human studies conflict somewhat on the ideal tonicity of artifi- 
cial tears in the management of dry eye. It has been reported that 
isotonic and hypotonic tear replacement solutions are equally 
beneficial in humans with mild KCS,'*° whereas hypotonic solu- 
tions are a more effective treatment in people with severe dry 
eye, where it results in improved tear film stability, corneal stain- 
ing, and conjunctival cytology compared to isotonic solutions. '*! 

As implied in the preceding text, the ideal tear replacement 
solution has yet to be identified. Hyaluronate solution appears 
to pose a number of potential therapeutic advantages as a tear 
replacement agent. Its relatively high viscosity leads to pro- 
longed ocular retention, yet reduced viscosity under the shear 
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stress of eyelid closure (due to its pseudoplasticity) facilitates 
natural blinking. Sodium hyaluronate has been shown to sup- 
press breakup of the tear film in humans.!**-'3 Specifically, 
tear film stability is prolonged with hyaluronate at concentra- 
tions of 0.1% or higher.'*? Controlled studies comparing 0.1% 
hyaluronate with 1.4% polyvinyl alcohol and 0.9% NaCl solu- 
tion in humans with dry eye showed significant benefits from 
hyaluronate with regard to clinical symptoms and reduction in 
rose bengal staining.'*#!4° Sodium hyaluronate has also been 
demonstrated to exert a positive influence on corneal epithe- 
lial migration in vitro and in vivo,'*°'** which may provide an 
additional benefit in patients with KCS because of the com- 
mon occurrence of corneal ulceration in this population. 


Autologous Serum 


The composition of tears and serum closely resemble each 
other in a number of respects, with some exceptions including 
serum containing more vitamin A, lysozyme, fibronectin, and 
TGF-B1, and less IgA, EFG, and vitamin C than tears.!*? 
Improvement in tear film breakup times, corneal vital stain- 
ing, pain scores, and impression cytology have been docu- 
mented in humans with KCS who were treated with topical 
autologous serum. 150-153 


Lacrimostimulants 
Cyclosporine 


Cyclosporine (CSA), a naturally occurring fungal metabolite, 
exhibits immunosuppressive mechanisms related to the bind- 
ing of nuclear proteins required for initiation of T-cell activa- 
tion, preventing T-cell production of specific inflammatory 
cytokines such as interleukin (IL)-2 and IL-4 and thereby dis- 
rupting immune-mediated processes.'*4 Because of its highly 
specific inhibition of T-cell activation, CSA has been used to 
treat a number of immune-mediated ocular disorders in ani- 
mals, including KCS. 

In early studies using a 1% to 2% solution of CSA in an oil 
base, 75% to 82% of idiopathic canine KCS cases showed sig- 
nificant improvement in aqueous tear production and clinical 
signs, although positive responses sometimes required 2 to 3 
months of treatment.'*>-!>* A 0.2% ointment product was sub- 
sequently shown to be similarly efficacious.'” Increased 
aqueous tear production is more likely to result in dogs with 
initial STT values higher than 2 mm/min than in dogs with 
STT values of 0 to 2 mm/min, presumably because of more 
extensive and irreversible lacrimal acinar destruction in the 
latter group.!55!° Tear production in dogs with neurogenic 
KCS is not likely to improve with CSA treatment.' Beyond 
improvements in tear production, other clinical benefits of 
CSA therapy in KCS-affected animals include reduction of 
corneal vascularization and pigmentation.!©'®! This improve- 
ment in keratitis occurs even in dogs whose tear production 
does not increase.'*°-!°° In the treatment of KCS, twice-daily 
treatment is generally recommended for contro] of disease, 
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although once-daily administration appears clinically adequate 
in some dogs. However, it is not known whether or not low- 
grade lacrimal adenitis persists during low-frequency admin- 
istration of CSA in KCS-affected dogs. 

Multiple mechanisms of action are likely responsible for 
the therapeutic efficacy of CSA. T-cell suppression by CSA 
undoubtedly plays a major role in restoring tear production in 
dogs affected with immune-mediated lacrimal adenitis in 
which lymphocytic infiltration of lacrimal gland acini and 
ducts has been documented as a hallmark of the disease.!® 
Improvement in conjunctival mucin stores in KCS-affected 
dogs has also been documented with CSA treatment, which 
may contribute to its therapeutic effect in this disease.'® In 
dogs with spontaneous chronic idiopathic KCS, topical CSA 
suppresses lacrimal acinar and conjunctival epithelial cell 
apoptosis and facilitates lymphocytic apoptosis, leading to 
reestablishment of the normal apoptotic balance in affected 
dogs.'® Considering the reversible increase in lacrimation 
that occurs in normal dogs treated with topical CSA, a direct 
lacrimal stimulant effect is also likely.'*> Some of its effects 
may also be related to stimulation of neurotransmitter 
release,'™ which appears to be impaired in KCS-affected 
animals.!° 

The primary side effect of topical CSA administration is 
ocular irritation, which occurs in a proportion of treated dogs 
and improves with continued treatment and resolution of dis- 
ease.!5™!59 Tn this author’s experience, ocular irritation 
appears to be more common with compounded oil-based 
preparations than with the commercially available ointment- 
based product. However, dogs also on occasion will not toler- 
ate the latter. Although reduction in blood lymphocyte counts 
and suppression of lymphocyte proliferation has been demon- 
strated in dogs receiving topical CSA,'°°!® adverse clinical 
sequelae linked to these findings have not been reported. 

While topical CSA has been the treatment of choice for 
dogs with immune-mediated KCS, other similar drugs are 
beginning to emerge as effective therapeutic agents. Topical 
0.02% tacrolimus has been recently documented to signifi- 
cantly increase tear production and improve clinical signs in 

. dogs with naturally occurring KCS, including some animals 
that were nonresponsive to topical CSA treatment.'® Addi- 
tionally, a recent study evaluating pimecrolimus in eight dogs 
with KCS documented improvement in STT values and clini- 
cal signs in treated dogs.'’? These agents appear promising 
additions in the management of KCS, but their long-term 
safety is unknown. Of note are concerns regarding the car- 
cinogenic potential of tacrolimus and pimecrolimus that have 
recently been raised.!7!!7 


Pilocarpine 


Topical and oral pilocarpine have long been recommended for 
the medical management of KCS,!”:'” but controlled studies 
involving KCS-affected animals are lacking. Applied topi- 
cally, pilocarpine produces no detectable effect on tear 
production in normal dogs.'” Oral pilocarpine has been 


described as efficacious in a case series of normal and Ks. 
affected animals, but signs of systemic toxicity (e.g., saliyą. 
tion, vomiting, inappropriate defecation, diarrhea) are 
common with this route of administration.'” While largely 
supplanted in the treatment of KCS by drugs such as Cg A, 
pilocarpine remains a viable treatment in dogs with neuro. 
genic KCS wherein loss of parasympathetic innervation jg 
the presumed cause of impaired lacrimal secretion. There is 
anecdotal support for this mode of therapy in such cases, byt 
substantiating clinical trials have not been reported. 


Other Potential Lacrimostimulants 


In a recent limited study of three English Bulldogs with Kcs 
induced by surgical removal of the gland of the nictitans, 
treatment with topical nerve growth factor resulted in signifi- 
cant improvements in Schirmer tear test, conjunctival goblet 
cell density, tear mucous, corneal haze, corneal sensitivity, 
and impression cytology.'”° Based upon these findings, further 
investigation of this treatment is warranted. 

An open-label clinical trial evaluating the efficacy of oral 
a-interferon in dogs with chronic KCS found a favorable 
response in STT values in 55% of dogs.'”” The increase in 
STT values was modest, but posttreatment STT values in 
responders were significantly greater than their pretreatment 
STT values.'”’ The exact role of these treatments as primary 
or adjunctive therapeutic measures in the management of 
KCS remains to be determined. 


INTRAOCULAR IRRIGATING FLUIDS 


Irrigating fluids are used during intraocular surgical proce- 
dures for several purposes, including maintenance of a formed 
anterior chamber, flushing of residual viscoelastic and other 
materials from the eye, cooling of phacoemulsification hand- 
pieces, and aiding in the removal of emulsified lens material 
during phacoemulsification. Many surgeons routinely utilize a 
variety of additives in their irrigating solutions, including 
heparin, epinephrine, antibiotics, and anesthetics, in an 
attempt to facilitate surgical procedures and enhance their out- 
comes. It is imperative that irrigating solutions and additives 
be nontoxic to the eye in general and the corneal endothelium 
in particular. In order to minimize adverse effects on the 
corneal endothelium, irrigating solutions and additives should 
approximate aqueous humor with regard to pH, osmolality, 
and ionic composition. 

Commonly used irrigating solutions include lactated 
Ringer’s solution (LRS), balanced salt solution (BSS), BSS- 
Plus (which contains oxidated glutathione and bicarbonate as 
well as dextrose), and 0.9% NaCl. There has been consider- 
able study and debate about the ideal constitution of irrigating 
solutions with regard to preservation of corneal endothelium. 
In vitro work has shown that additives, particularly glu- 
tathione, help to preserve corneal endothelial cell junctions 
and pumping function.!”*!*? Some,*!** but not all,!®° in vivo 


studies in humans have supported this finding. In those in vivo 
studies in which a benefit has been attributed to glutathione, it 
appeared to benefit the corneal endothelium predominantly in 
the short term with no significant differences found over the 
jong term. However, it would seem logical that individuals 
with preexisting corneal endothelial dysfunction would be 
most likely to benefit from such solutions.** 

Studies evaluating various surgical irrigation fluids in com- 
panion animals are limited. Comparison of the corneal effects 
of irrigation with 0.9% NaCl, BSS, and BSS-Plus (100 ml 
over 22 minutes) in dogs revealed no significant differences 
between these fluids on corneal endothelial morphology or 
cell density.'®* A mild (4%) increase in corneal thickness was 
detected in saline-treated eyes in this study, but this was tran- 
sient and not associated with detectable corneal edema.'** A 
study comparing the effects of anterior chamber irrigation 
with BSS and BSS-Plus in cats revealed increased endothelial 
polymegathism and pleomorphism in BSS-treated eyes com- 
pared to BSS-Plus treatment.'*’ However, 1 month later there 
were no detectable differences between treatment groups.!®” 

Following evidence that free-radical formation during pha- 
coemulsification contributes substantially to corneal endothe- 
lial damage,'** addition of 0.001 M ascorbic acid to irrigating 
solution was recently evaluated and shown to protect corneal 
endothelium from such damage.'* To be certain, investigators 
will continue to explore additives that may benefit surgical 
outcomes, but potential untoward effects of irrigating solution 
additives and preservatives on corneal endothelial function 
must always be considered. 

Effects of irrigating fluid temperature have also been inves- 
tigated. Use of cooled irrigating solution has been shown safe 
for the corneal endothelium in cats!” and humans!'** and 
shown to decrease postoperative ocular inflammation in a rab- 
bit model.'?’ In humans undergoing phacoemulsification, 
early postoperative inflammation was decreased by use of 
cooled irrigating solution, but the beneficial effects were tran- 
sient, with the cooled solution actually resulting in a more per- 
sistent low-grade disruption of the blood—aqueous barrier than 
room temperature solution. | 


TOPICAL DISINFECTANTS 


Appropriate presurgical preparation of the ocular surface is 
considered to play an important role in the prevention of post- 
surgical infection-related complications such as endoph- 
thalmitis. Dilute (1:10 to 1:50) povidone-iodine 10% solution 
is a widely used and effective topical antiseptic for veterinary 
ophthalmic surgical preparation and can be safely applied to 
the eyelids and corneoconjunctival surfaces.'?°'%* When 
preparing a perforated eye, care should be taken to prevent 
introduction of concentrated povidone-iodine into the anterior 
chamber because it has been demonstrated to exhibit severe 
endothelial toxicity at 5% and 10% concentrations,!”° 
although concentrations of 0.1% or less are safe.!°° While the 
ideal regimen for prevention of postoperative endophthalmitis 
remains unclear, a recent manuscript reviewing relevant 
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human ophthalmic literature concluded that preoperative 
povidone-iodine antisepsis is important in preventing postsur- 
gical endophthalmitis, while other commonly utilized prophy- 
lactic methods, including subconjunctival antibiotic injection, 
lash trimming, preoperative topical antibiotics, and antibiotic- 
containing irrigation solutions, appear less so.!?” Additionally, 
povidone-iodine 5% applied topically at the conclusion of 
ocular surgery has been shown to provide residual antibacter- 
ial activity for at least 24 hours, while a single topical applica- 
tion of broad-spectrum antibiotic does not. ?8 While 
povidone-iodine appears to be the standard disinfectant for 
ocular surface application, other compounds have also 
received some attention. In dogs, a comparison of chlorhexi- 
dine diacetate, chlorhexidine gluconate, and povidone-iodine 
solutions used for ocular surface antisepsis revealed 0.05% 
chlorhexidine gluconate and 0.2% povidone-iodine solutions 
to be well tolerated and similarly efficacious in reducing con- 
junctival bacterial numbers.” However, chlorhexidine diac- 
etate was toxic to corneal epithelium and should not be 
utilized for ocular surface disinfection.'°’ A study evaluating 
topical chlorhexidine gluconate in rabbits revealed no delay in 
corneal healing with concentrations less than or equal to 1%, 
but higher concentrations were found detrimental to epithelial 
regeneration.””” Due to concerns of local toxicity, surgical 
scrubs should never be used on or near the conjunctival or 
corneal surface.”°! 


VISCOELASTICS 


The routine use of viscoelastic materials during ophthalmic 
surgery has increased the ease and success of many proce- 
dures. They are routinely employed during intraocular surgi- 
cal procedures to help maintain anterior chamber depth during 
surgical manipulations, to assist in mobilization and dissec- 
tion of tissues, to assist in control of hemorrhage, and to pro- 
vide corneal endothelial protection from ultrasonic, 
mechanical, and irrigation?” trauma as well as free-radical 
damage’ during phacoemulsification procedures. Viscoelas- 
tics are also useful in the closure of full-thickness corneal 
wounds and in keratoplasty procedures, as well as a wetting 
agent to maintain corneal clarity during intraocular surgery. 
Their indispensable role as a surgical tool has led to the 
increasingly common use of the phrase ophthalmic viscosur- 
gical devices, or OVDs, when referring to viscoelastic agents. 
Ophthalmic viscoelastic agents must be biocompatible 
with the eye in all regards. A variety of suitable agents are 
commercially available, the physical properties of each being 
dictated by such physicochemical variables as molecular 
chain length and intramolecular and intermolecular interac- 
tions.” Familiarity with the specific rheologic properties of a 
variety of viscoelastic agents allows the ophthalmic surgeon 
to choose the most appropriate agent to suit the surgical situa- 
tion. The rheologic properties of importance are viscosity, 
pseudoplasticity, elasticity, cohesiveness, and coatability. 
Viscosity is the primary determinant of a substance’s resis- 
tance to flow. At a given temperature, viscosity is a function of 
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the substance’s molecular weight and concentration. Because 
physiologic osmolarity must be maintained, increases in the 
viscosity of an ophthalmic viscoelastic are made by increasing 
the molecular weight of its constituent agent. The higher the 
viscosity of a solution, the less likely it is to displace from the 
anterior chamber and the more useful it is in the dissection of 
tissues. Pseudoplasticity is the behavior of a substance the vis- 
cosity of which changes in relation to shear rate. With sub- 
stances exhibiting pseudoplasticity, viscosity decreases as 
shear rate increases, and vice versa. This property allows a 
substance that is extremely viscous at rest to be extruded 
through a thin cannula. Ophthalmic viscoelastics vary signifi- 
cantly with regard to pseudoplasticity, with chondroitin sul- 
fate demonstrating no  pseudoplasticity, HPMC being 
intermediate, and sodium hyaluronate demonstrating high 
pseudoplasticity. Elasticity is the ability of a substance to 
regain its original shape following deformation. It is this prop- 
erty of ophthalmic viscoelastic substances that provides pro- 
tection from mechanical insults such as the high frequency 
vibrations associated with phacoemulsification. Cohesiveness 
is the degree to which a substance adheres to itself and is a 
function of molecular length, weight, and elasticity. Highly 
cohesive viscoelastics, such as hyaluronate, are easily aspi- 
rated as a single mass, whereas those that are less cohesive 
leave the eye in fragments. Cohesive viscoelastics are there- 
fore removed from the eye quickly by the vacuum employed 
during phacoemulsification and provide little to no endothe- 
lial protection during this portion of the procedure. The coata- 
bility of a viscoelastic refers to its ability to adhere to other 
materials. Coatability is related to the surface tension and 
molecular charge of the viscoelastic and surface tension of the 
tissue, implant, or instrument that the viscoelastic is surround- 
ing. 

From a clinical standpoint, viscoelastics can be thought of 
in terms of higher-viscosity cohesive agents and lower-viscos- 
ity dispersive agents.” Cohesive agents are best at creating 
and preserving space, while dispersive agents are more readily 
maintained in the anterior chamber (e.g., adjacent to the 
corneal endothelium during phacoemulsification) and are 
capable of partitioning spaces. Newer viscoelastic agents have 
been formulated to be viscoadaptive, reportedly possessing 
the advantages of dispersive and cohesive agents depending 
on the flow rate and turbulence within the eye.” At steady 
state or low shear rates, these viscoadaptive substances are 
very cohesive, but at mid to high shear rates, they fracture and 
become pseudodispersive.7°” 

While new developments are on the horizon, currently 
available ophthalmic viscoelastic substances include sodium 
hyaluronate, hydroxypropylmethylcellulose, and chondroitin 
sulfate. Sodium hyaluronate is commercially available in sev- 
eral concentrations and molecular weights. It is an exception- 
ally cohesive substance and excels at maintaining a formed 
anterior chamber during intraocular manipulations that do not 
involve aspiration (e.g., during capsulorrhexis). However, this 
cohesive property also results in rapid removal of the sub- 
stance once vacuum is applied, thus reducing its ability to pro- 


tect the corneal endothelium during phacoemulsification, In 
one study, low-molecular-weight hyaluronate was shown tg 
afford better endothelial protection than high-moleculg,. 
weight sodium hyaluronate.’ Hydroxypropylmethylcel}y. 
lose is available as a 2% product at various molecular weights 
It is less cohesive and less viscous than sodium hyaluronate 
but exhibits better coatability. Chondroitin sulfate is combineq 
with sodium hyaluronate for ophthalmic use because it is not 
sufficiently viscous to permit its use as a sole agent. Chon. 
droitin sulfate-hyaluronate combination viscoelastic has been 
shown to provide superior coating of the corneal endothe. 
lium,” and some studies have demonstrated an advantage of 
this product with regard to endothelial protection during pha- 
coemulsification.7!°?!! However, other studies have found no 
difference between chondroitin sulfate-hyaluronate and other 
viscoelastics in this regard.7!*-*!4 The disparity in these results 
may be related to study design and different surgical tech- 
niques employed in the studies. 

The primary drawback to the use of viscoelastic agents in 
ophthalmic surgery is their potential to contribute to postoper- 
ative ocular hypertension. This problem is particularly pro- 
nounced if the substance is left in the anterior chamber at the 
conclusion of surgery. The use of hyaluronidase has been 
shown to minimize ocular hypertension associated with vis- 
coelastics in human cataract surgery,?!>?!¢ but similar reports 
do not exist in animals. It has also been suggested that pro- 
longed viscoelastic contact with the corneal endothelium 
can result in endothelial toxicity,”"” but there is no substantial 
supportive documentation of this.?!*?!9 While the benefits of 
surgical viscoelastics clearly outweigh these risks, the oph- 
thalmic surgeon recognize the potential complication of post- 
operative ocular hypertension and take appropriate measures 
to minimize it. 


FIBRINOLYTICS AND ANTIFIBRINOLYTICS 


Fibrinolytics 


Ophthalmic application of fibrinolytic agents is directed at 
preventing or reducing the complications associated with 
intraocular fibrin formation, including synechia, pupillary 
seclusion, glaucoma valve implant occlusion, and retinal trac- 
tion band formation, among others. Of the various fibrinolytic 
agents available, tissue plasminogen activator (tPA) is the only 
one with widespread ophthalmic application. Tissue plas- 
minogen activator is a serine protease that converts plasmino- 
gen to plasmin in the presence of fibrin, resulting in rapid 
fibrinolysis. Indications for ophthalmic tPA administration 
include postoperative, postinflammatory, and posttraumatic 
intraocular fibrin and blood clot formation. When used fol- 
lowing hyphema, there is a potential for rebleeding to 
occur.” 
The intracameral tPA dose most commonly used in veteri- 
nary ophthalmology is 25 wg.2! Because of its considerable 
expense, a vial of tPA is generally diluted to 250 pg/ml, 
divided into multiple small aliquots of 0.1 to 1.0 ml, and 
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frozen for future use. Because the product does not contain an 
antibacterial preservative,” preparation must be performed 
under strictly aseptic conditions, preferably under a sterile 
hood.?” Despite concerns cited by the manufacturer,” prod- 
uct diluted in this manner has been documented to retain fibri- 
nolytic activity for over a year when stored at —70°C.2¥ 
Intracameral administration results in rapid fibrinolysis, often 
beginning within 15 to 30 minutes. Completeness of fibrinoly- 
sis depends largely on the duration that the fibrin has been 
present in the eye. 

Administration of tPA for intracameral fibrinolysis has 
been investigated in companion animal species. Experimen- 
tally in dogs, intracameral administration of 25 jg tPA 
resulted in rapid anterior chamber fibrinolysis and was non- 
toxic to corneal endothelium.?”*72> However, intracameral 
administration of 50 jg resulted in mild endothelial toxic- 
ity.” While topical administration results in detectable levels 
of tPA in aqueous humor,” it does not achieve significant fib- 

` clot resolution in dogs.” A published series of cases in 
companion animals has documented the efficacy of tPA in a 
variety of clinical scenarios in several species.””! 

Toxicity of intravitreal tPA injection has been studied 
experimentally in cats and rabbits.??***° In cats, intravitreal 
injection of 25 j1g/0.1 ml did not result in detectable toxicity, 
but dose-dependent toxicity was noted with injections of 50 
wg or greater.”*? Toxic changes in affected cats included ante- 
rior segment inflammation, visible fundic alterations, histo- 
logic photoreceptor loss, and electroretinographic changes.”° 
Similar toxic changes in rabbits were attributed to the L-argi- 
nine vehicle of the commercial product tested rather than to 
tPA itself.” Retinal toxicity following intravitreal tPA injec- 
tion has also been described in human case reports.” 

Other fibrinolytics with much more limited ophthalmic 
applications include streptokinase and urokinase. Ophthalmic 
applications of novel fibrinolytics such as tenecteplase and 
lanoteplase have not been reported. 


Antifibrinolytics 


Optimal medical management of traumatic hyphema remains 
controversial, but antifibrinolytics such as aminocaproic acid 
(ACA) have been utilized to reduce the potential for rebleed- 
ing following traumatic hyphema in humans, with many clini- 
cal trials supporting its effectiveness.****> Due to numerous 
side effects associated with systemic ACA administration, 
including nausea, dizziness, and hypotension, efficacy of topi- 
cal ACA administration has also been evaluated. Topical ACA 
has been shown to reduce the incidence of rebleeding follow- 
ing traumatic hyphema in some studies**°*** but not others.” 
Some human studies have also shown tranexamic acid to be 
effective in reducing rebleeding following traumatic 
hyphema.”4! The use and effectiveness of antifibrinolytic 
medications in the management of hyphema in companion 
animals has not been reported. 

Recently, topical ophthalmic application of antifibrinolytic 
agents has been advocated as potentially beneficial in the pro- 
motion of corneal epithelialization through the preservation of 
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fibronectin in the corneal wound bed. Experimental studies in 
rats and rabbit models have demonstrated benefit of topical 
ACA and tranexamic acid administration on corneal epithe- 
lization." A recent clinical study in dogs with nonhealing 
corneal ulcers showed a 94% cure rate with topical ACA (35.7 
mg/ml; applied 3 times daily) following debridement versus a 
41% cure rate with topical gentamicin treatment following 
debridement.” 


ANTIFIBROTIC AGENTS 


Mitomycin C 


Mitomycin C (MMC) is an antibiotic compound isolated from 
the fungus Streptomyces caespitosus. It is a potent inhibitor of 
DNA synthesis and fibroblast proliferation commonly used 
during glaucoma valve implant surgery to reduce collagen depo- 
sition and thereby suppress fibrosis surrounding the implant. It is 
generally applied using a Weck-cell sponge soaked in 0.4 to 0.5 
mg/ml MMC with a contact time of 5 minutes, followed by 
copious saline lavage. Several reports describe its use during 
valve implant surgery in glaucomatous dogs.”°-*4’ Two experi- 
mental studies evaluating the effectiveness of MMC as an 
adjunct treatment for glaucoma valve implant surgery in normal 
dogs revealed that while its use significantly decreased fibrosis 
associated with filtering blebs, no differences in facility of 
outflow were found between MMC-treated eyes and saline 
controls.“*? There are conflicting reports in the human oph- 
thalmic literature regarding the effectiveness of MMC in glau- 
coma valve surgery. Perhaps most significantly, a recent 
randomized controlled prospective study involving human glau- 
coma patients undergoing valve implant surgery found no differ- 
ence in outcome between MMC-treated eyes and BSS 
controls.” While most clinical trials in dogs have suggested the 
addition of MMC to filtering or valve procedures is safe, a 
prospective randomized controlled study is required to determine 
its clinical effectiveness in the management canine glaucoma. 
There is considerable evidence of toxic effects on the 
ciliary body and resultant suppression of aqueous flow associ- 
ated with episcleral application of MMC,?>!** but such 
effects have not been investigated in companion animals. 


5-Fluorouracil 


A pyrimidine analog, 5-fluorouracil (5-FU) inhibits RNA and 
DNA synthesis, culminating in cell death. It is particularly 
effective against rapidly dividing cells, such as fibroblasts, 
and is employed during glaucoma surgery to minimize fibro- 
sis and subsequent bleb failure. As with mitomycin, there are 
clinical reports of its use in dogs with glaucoma.” Repeated 
subconjunctival injections are recommended, which makes 
use of this medication less attractive than MMC for canine 
patients. Subconjunctival administration of 5-FU has been 
shown to cause toxic changes in the ciliary body similar to 
what has been reported for mitomycin. Prospective con- 
trolled studies using adjunctive 5-FU in glaucoma surgery 
have yet to be reported in dogs. 
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TISSUE ADHESIVES 


The use of tissue adhesives in ophthalmology was first 
reported for the management of corneal disease.?5?56 
Although corneal disease remains the most common oph- 
thalmic indication for tissue adhesives, their reported use in 
human ophthalmology has grown to encompass temporary 
tarsorrhaphy, conjunctival closure, punctal occlusion, strabis- 
mus surgery, and retinal detachment surgery. Adhesives cur- 
rently in common ophthalmic use include cyanoacrylate 
adhesives, of which there are several derivatives, and fibrin- 
based glues, with the former being much more commonly uti- 
lized. Recent veterinary ophthalmic clinical reports document 
the utility of cyanoacrylate adhesives for such conditions as 
refractory corneal ulceration, corneal stromal ulceration, 
corneal laceration, and descemetocele.2>77>8 


Cyanoacrylate Adhesives 


In addition to their adhesive properties, cyanoacrylates have 
demonstrated antibacterial properties, but only against Gram- 
positive organisms.*°-**' Despite demonstrated antibacterial 
properties, microbial keratitis has been associated with pro- 
longed presence of glue on the corneal surface.”°*63 Cyanoacry- 
late adhesives also appear beneficial in halting corneal stromal 
melting, especially when applied early in the disease process, 
perhaps by preventing neutrophil access to the ulcer site.” 

Cyanoacrylate derivatives with short side chains polymer- 
ize faster than those with long side chains. However, tissue 
toxicity from cyanoacrylate is related to the release of break- 
down products, such as formaldehyde, and is less pronounced 
in those derivatives with butyl or longer side chains. Mini- 
mizing the applied dose will also reduce toxicity.>° As a com- 
promise between fast polymerization, good tensile strength, 
and reduced toxicity, adhesives with butyl side chains appear 
to be in the greatest favor for ophthalmic application. A veteri- 
nary butyl derivative (Vetbond) was recently shown to be well 
tolerated by the rabbit cornea in an experimental model.“ 

Strict attention to application technique improves success 
with cyanoacrylate adhesives in the management of corneal 
disease.?> The surface to be glued should be thoroughly dry at 
the time of application, which can be accomplished using cel- 
lulose sponges, and epithelium covering the surface to be 
glued should be debrided. Importantly, a minimal amount of 
adhesive should be used. The latter objective can be accom- 
plished by using a small gauge (25-30 gauge) needle to apply 
a thin layer of adhesive over the affected surface. Blinking 
must be avoided until the glue polymerizes. Some advocate 
the use of a bandage contact lens postoperatively to minimize 
conjunctival reaction. Vote and Elder described an application 
method for corneal perforations that incorporates a patch 
(using Steri-Drape material) to provide a smooth surface and 
increased repair strength. 


Fibrin-Based Adhesives 


Fibrin-based adhesives have not seen the widespread use in 
ophthalmology that cyanoacrylate adhesives have. However, 


reported human clinical ophthalmic application of fibrin-base 
adhesives has included persistent corneal surface 
defects,” corneal perforation," conjunctival clo. 
sure,””°*?? and corneal stem cell transplantation.” Fibrin 
glue is considerably more complex to prepare and apply, takes 
longer to polymerize, and has lower tensile strength than 
cyanoacrylate. However, because it is biologic, it may be coy- 
ered by tissue such as conjunctiva, amniotic membrane, or 
cornea. To this author’s knowledge, the ophthalmic use of fib- 
rin glue has yet to be reported in the veterinary literature. 


ANTICOLLAGENASE AGENTS 


It is well recognized that under normal conditions the Strictly 
coordinated activities of corneal proteinases, particularly matrix 
metalloproteinases (MMPs) and serine proteinases, play a cen- 
tral role in the maintenance of normal corneal architecture, 
Under pathologic conditions, however, dysregulation of these 
endogenous corneal proteinases as well as contributions from 
proteinases of microbial origin may result in progressive corneal 
stromal degradation.”**”° Neutrophils arriving via the tear film 
or through the corneal stroma are another important source of 
collagenase.””*77"278 Factors secreted by collagen-stimulated 
neutrophils augment collagen degradation by corneal fibroblasts 
through a stimulatory effect on MMP synthesis.” 

Over the years, a number of antiproteinases have been 
employed clinically in an attempt to control corneal stromal 
degradation associated with these enzymatic processes. Com- 
pounds that have received particular attention in veterinary 
ophthalmic application include N-acetylcysteine, tetracy- 
clines, ethylenediaminetetraacetic acid (EDTA), autogenous 
serum, and, to a lesser extent, synthetic inhibitors of MMPs 
(e.g., Galardin). Although many such agents have been 
demonstrated to have good in vitro activity against pro- 
teinases, thereby providing sound rationale for their use, evi- 
dence of their clinical effectiveness remains largely anecdotal. 
Following is a brief summary of the scientific evidence relat- 
ing to these particular compounds and their respective poten- 
tials to provide corneal protection in the face of corneal 
proteolytic degradation. Because of the differing mechanisms 
of action of these various compounds, it is reasonable to 
expect that additive or potentially synergistic effects may be 
obtained by using them in combination. 


Acetylcysteine 


Acetylcysteine has been shown to reduce proteolytic activity 
in numerous in vitro studies,28°783 and it has been recom- 
mended for use in the management of corneal disease in com- 
panion animals at concentrations ranging from 1% to 
10%.?84285 However, confirmatory in vivo work has been lim- 
ited. In one study, treatment with acetylcysteine had no signif- 
icant effect on gelatinolytic activity or stromal collagenase 
levels after keratoprosthesis implantation in rabbits.*! 
Investigation of the influence of acetylcysteine on corneal 
epithelial healing rates in dogs showed more rapid epithe- 
lialization with 3% acetylcysteine, but not with 10% or 20% 
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concentrations, compared to controls.” While one study 
demonstrated that 10% and 20% acetylcysteine did not inhibit 
re-epithelialization in rabbits, 8” another demonstrated 
corneal epithelial necrosis following topical application of 
20% acetylcysteine.”* 


EDTA 


Presumably through binding of zinc and calcium, EDTA has 
been shown to strongly inhibit MMP activity in vitro,’ which 
suggests that it may be useful in clinical scenarios as 
well.28°*?! However, there is little documentation of its clini- 
cal effectiveness. 


Tetracyclines 


Tetracycline antibiotics concentrate in the cornea following 
topical or systemic administration,” and their antiprote- 
olytic properties have been well documented.**°7*° Sys- 
temic tetracycline (50 mg/kg/day) was shown to significantly 
reduce corneal perforation in a rabbit Pseudomonas model” 
and to inhibit ulceration in an alkali-burn—induced ulceration 
model.?%8 Systemic doxycycline (5 mg/kg/day) also promotes 
corneal re-epithelialization in the rabbit alkali-burn model.?” 
Human case reports highlight the potential clinical utility of 
tetracyclines in the management of melting ulcers.73! Sys- 
temic tetracycline has also been shown to assist healing in per- 
sistent corneal epithelial defects in humans.30303 

Multiple mechanisms, independent of their antimicrobial 
effects, are likely for the antiprotease activity of tetracyclines. 
Included among their potential mechanisms are chelation of 
cations necessary for enzyme activity (i.e., zinc and cal- 
cium),”"! inhibition of gene expression,*™ and inhibition of 
q,-antitrypsin degradation.*°°4 Inhibition of leukotaxis*” 
may be another element in the purported effectiveness of 
tetracyclines in the management of melting ulcers. Based 
upon evidence that tetracyclines more readily inhibit collage- 
nase produced by neutrophils than that produced by fibrob- 
lasts,%08 it has been suggested, that inhibition of neutrophil 
collagenase can likely be achieved clinically, while inhibition 
of collagenase from fibroblasts is less likely.7° 


Serum 


Autologous serum is purportedly beneficial in managing 
corneal ulcers because of its antiproteolytic properties,””! 
which has been well documented through in vitro stud- 
ies.?82283 Antiproteolytic activity in serum is accounted for by 
the presence of «,-macroglobulin and a,-antitrypsin.?!°*"! In 
addition to antiproteolytic properties, serum has epithe- 
liotrophic properties that may promote corneal healing.*”” 
Serum has been shown to be superior to plasma with regard to 
stimulation of corneal epithelial growth, migration, and differ- 
entiation, presumably because of higher concentrations of 
epithelial growth factor and platelet-derived growth factor and 
vitamin A in the former.*!? 

Although serum is commonly used in the treatment of a 
number of corneal diseases, including in the management of 
melting corneal ulcers, the methods of preparing serum for 


Chapter 7: Clinical Pharmacology and Therapeutics e 345 


clinical use have varied widely. A recent investigation into the 
optimal method of processing of serum for ophthalmic use 
suggests allowing blood clotting for 120 minutes or longer at 
room temperature, centrifugation at 3000xg for 15 minutes, 
and dilution to 25% with BSS.3" This recommendation is 
based upon assayed serum epitheliotrophic factor levels and in 
vitro corneal epithelial growth patterns using serum prepared 
according this protocol compared to several others.*!* In con- 
trast to this recommendation of using diluted serum, others 
have suggested that 100% serum may be preferred on the 
basis of in vitro evidence of diminished cellular toxicity 
compared to 50% serum.*'* Fortunately, serum factors are 
stable at —4°C for at least 1 month and at —20°C for at least 
3 months,'*! so harvested serum can be stored easily and 
effectively for future use. Because serum is an excellent 
microbial growth medium, strict attention to asepsis during 
preparation and use is of paramount importance. 


Synthetic Protease Inhibitors (Galardin, 
llomostat) 


Synthetic thiol-containing MMP inhibitors have been shown 
to strongly inhibit protease activity in vitro.” In vivo 
experimental studies in rabbits have also been promising, with 
demonstrated benefit from MMP inhibition in a variety of 
corneal injury models.*!>3!6 

Multiple mechanisms are likely responsible for the benefi- 
cial effects of synthetic MMP inhibitors. In vitro work has 
shown that these agents reduce collagen degradation by 
Pseudomonas aeuruginosa through direct inhibition of active 
MMPs, and also prevent the conversion of proMMPs to active 
MMPs.?!7!8 Tt has also been demonstrated that inflammatory 
cytokine expression is suppressed by synthetic MMP inhibitors, 
which may reduce corneal destruction indirectly through 
diminished cytokine-mediated chemotaxis of neutrophils to 
the ulcer site.’ Based upon the evidence thus far, synthetic 
protease inhibitors may have a role in the management of prote- 
olytic corneal degradation in companion animals. 
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INTRODUCTION AND PRINCIPLES 


Few would argue that understanding disease processes on cellular 
and subcellular levels facilitates clinical management, and a thor- 
ough understanding of ocular pathology is essential for the prac- 
ticing vetermary ophthalmologist. The organization of an ocular 
pathology chapter within the context of a largely clinical text is a 
daunting challenge given the merging of clinical ophthalmology 
and pathology. An important objective of this chapter is to facili- 
tate understanding of ocular pathology with minimal duplication 
of material that is covered in the other chapters of this book. 
We have purposefully limited the discussion of clinical ophthal- 
mology, anatomy, and embryology; we emphasize the gross, 
subgross, and light microscopic descriptions and illustrations to 
this aim. 

This chapter is organized into introduction, fixation and pro- 
cessing of ocular tissues for light and electron microscopy, and 
basic principles of ocular pathology. The discussions of patho- 
logic conditions are organized as congenital, inherited develop- 
mental, and acquired disorders. Congenital conditions are 
organized by those that affect organogenesis and those that 
affect tissue differentiation. Inherited developmental disorders 
in this chapter are breed-specific ocular diseases that are most 
common in dogs. These disorders either are confirmed as inher- 
ited or are breed-specific bilateral conditions that are likely 
induced by a genetic mutation. They are further categorized by 
the affected tissues. The acquired disease section is categorized 
into degenerative, inflammatory, and neoplastic conditions. 

The transparency of the dioptric system of the eye allows 
the veterinary clinician observation (with indirect and direct 
ophthalmoscopic and biomicroscopic examination) of gross 
and subgross pathology in varied ocular tissues with resolu- 
tion that approaches that of the light microscope. Additional 
specialized techniques, including spectral microscopy, elec- 
troretinography, fluorescein and indocyanine green angiog- 
raphy, and optical coherence tomography have allowed 
clinicians to examine varied ocular disorders noninvasively 
at a near cellular level. Additionally, ultrasonography, mag- 
netic resonance imaging, computed tomography, and nuclear 
scintigraphy provide the veterinary ophthalmologist with 


enhanced views of most of the intraocular structures when the 
transparencies of ocular tissues are limited. These examina- 
tion techniques and the submission of ocular biopsies, eviscer- 
ated samples, and whole globes for light microscopic 
examination unify clinical and pathologic disciplines and 
refute the axiom that pathology of the tissues of the eye and 
adnexa are unique: they are, in fact, very similar to those 
occurring in other organs. 


FIXATION AND PROCESSING 
OF OCULAR TISSUE 


Fixed ocular tissues are submitted in the form of whole globes 
with orbital tissues from exenteration or transpalpebral 
enucleations, globes without orbital tissues (transconjunctival 
enucleations), eviscerated specimens, excisional or incisional 
biopsies, cytology of exfoliate preparations, or fine needle aspi- 
rates. Each of these samples has unique fixation and preparation 
requirements in order to optimize the pathologist’s examination. 
It is important that globes be fixed promptly at the time of 
removal from the orbit to ensure as rapid a fixation of the internal 
structures of the eye as possible and minimize autolytic changes. 
The most common method of fixation for light microscopic 
evaluation of exenterated tissues is immersion in 10% buffered 
formaldehyde or Bouin’s fluid. Several other fixatives have 
specific advantages and disadvantages (Table 8.1), including 
preservation of specific ocular tissues and compatibility with 
immunohistochemical and ultrastructural techniques. Ocular 
tissues are usually immersed at a ratio of 1 part tissue to 
10 parts fixative and the container placed on a rotary mixer for 
24 to 48 hours. To enhance fixation of retina, all globes that are 
immersion fixed in buffered formaldehyde should also receive 
an intravitreous formaldehyde injection (0.5-1 ml) via 
25 gauge needle inserted through the sclera near the optic 
nerve prior to immersion to compensate for limited formalde- 
hyde penetration of the fibrous ocular tunic. The globes are 
then hardened by immersion into graduated concentrations of 
alcohol from 60% to 80% for 24 to 48 hours. The alcohol dehy- 
drates and hardens the globe and allows for easier sectioning. 
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Table 8.1 Ocular Fixatives and Their Advantages and Disadvantages 
Triple fixatives: 
Paraformaldehyde, 
Gluteraldehyde 
Bouin’s Formaldehyde, Davidsons | 
Formaldehyde Fluid Gluteraldehyde and Osmium Zenker’s Fluid Fixative 
Maintenance Marginal Good Poor by immersion Excellent; however, Good Excellent 
of tissue of the globe because globe is typically 
relationships penetration is opened 
(re neurosensory marginal so 
retina—RPE) globes must be 
sectioned and 
then small pieces 
immersed 
Preservation Poor Poor Excellent Excellent Good Very good 
of membranes 
for ultrastructure 
Immuno- Good Good; Good Good; Good; Good 
compatability however, however, however, 
different different different 
epitope epitope epitope 
retrieval is retrieval is retrieval is 
required required required 
Advantages and Cost, availability Better Excellent fixation Uncommonly Uncommonly used Very 
disadvantages penetration of small tissue used except in because of good 
S of globe sections or small research; osmium mercury toxicity immersion 
globes with thin is toxic and fixative 
sclera (mice, rats) expensive 
destined for electron 
microscopy 


Exenterations are performed as a surgical therapy for orbital 
neoplasia. These neoplasms are often malignant, and the determi- 
nation of clean surgical margins is critical for prognosis and to 
determine the need for adjunctive therapy. It is important that the 
ophthalmic surgeon clearly identify any margins that must be 
examined in detail. The volume of tissue removed by an exenter- 
ation is large, and the orbital tissues should be incised every 0.5 to 
1 cm through to the sclera to allow fixation penetration (Fig. 8.1). 
Alternatively, exenterated tissues may then be trimmed carefully 
from the globe and identified by sutures and labeled tabs, or by 
dye on specific surfaces, to provide the pathologist with adequate 
orientation for sectioning and margins to confirm the extent of the 
orbital neoplasm. After trimming, the globe, cornea, and attached 
optic nerve are measured with calipers and recorded. The globe 
should be transilluminated with a bright light to assist in deter- 
mining intraocular masses or foreign bodies before orientating 
and sectioning. The globe for most species is orientated by identi- 
fication of the shape of the cornea; extraocular muscle insertion; 
and location of the vortex veins, long posterior ciliary arteries, 
and optic nerve. This method allows the pathologist to transect 
the globe in a vertical plane from dorsal (twelve 0’ clock) to ven- 
tral (six o’clock), which allows examination of both tapetal and 
nontapetal fundus for animals. Exceptions include globes from 
animals with a macula (primates and birds). These eyes should be 
sectioned horizontally to allow examination of the macula. The 
globe is then transected with a brain knife, razor blade, or long 
scalpel blade, and the sections are examined with a dissecting 


Figure 8.1. An exenterated bovine eye that was immersion fixed in Bouin’s 
fluid for 72 hours and sectioned. Note the incomplete fixation of the orbital 
and ocular tissues. To ensure adequate fixation of globes that are exenter- 
ated, or removed by transpalpebral enucleation, the orbital tissues should be 
trimmed, removed, and labeled prior to immersion in fixatives; or multiple 
incisions should be placed circumferentially to the level of the episclera at 
0.5 to 1-cm intervals through the attached orbital tissues to allow fixatives to 
penetrate adequately. 


microscope and gross findings recorded and photographed 
(Fig. 8.2). The hemispheres are then placed cut-surface down and 
sectioned approximately 2 cm into the hemisectioned globe with 
a brain knife or blade. The calotte is placed in an embedding 
chamber of appropriate size. An alternative to hemisection 
(which may dislocate the lens) is the removal of a cap, cutting 
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Figure 8.2. A Bouin's fluid—fixed globe from a dog diagnosed with a chronic 
lens rupture; the globe was enucleated via a transconjunctival approach. 
Note the lack of extraocular tissues and adequate fixation. Several gross 
lesions are evident, including plasmoid aqueous and vitreous, an exudative 
retinal detachment, and a lens capsule rupture, all synonymous with the 
gross diagnoses of endophthalmitis and phacoclastic uveitis. 


from just inside the limbus to adjacent to the optic disc on the 
same side, followed by subgross intraocular examination and 
making a cut parallel to the first to end up with a central section 
and two calottes. The main section is embedded with the initial 
cut down to minimize the need for rough-cutting to obtain a 
section containing both pupil and optic nerve. 

Transpalpebral enucleated globes are handled very simi- 
larly to exenterated globes. The indication for a transpalpebral 
enucleation is extensive neoplasia of the conjunctiva and eye- 
lids, most commonly squamous cell carcinoma in the bovine 
and equine species. The orbital tissues attached to these 
globes are not as extensive as with exenterations, and the spec- 
imen is usually adequately fixed by immersion in either 
Bouin’s fluid or 10% buffered formaldehyde with or without 
and an intravitreous formaldehyde injection. These globes are 
trimmed and, where necessary, extraocular tissues are labeled 
and margins inked. Globes are examined grossly, transillumi- 
nated to detect intraocular lesions, and processed as described 
previously for exenterated globes. 

Blind and painful globes, globes with untreatable intraocular 
neoplasia, glaucoma, uveitis, and occasionally eyes enucleated 
for diagnostic evaluations, are usually surgically removed via a 
transconjunctival approach. These globes are routinely immer- 
sion fixed in Bouin’s fluid or 10% buffered formaldehyde and 
have minimal attached orbital tissues, which limits the amount 
of trimming required by the pathologist. Examination and pro- 
cessing proceed as for the exenterated globes. 

Rodent and other small globes are fixed by immersion, ori- 
ented appropriately for embedding, and processed whole and 
stained similarly to eyes from other animals. Multiple sections 
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of these globes are taken until the appropriate area in the eye is 
located. Fetal rodents have very small globes that are difficult 
to remove intact because of their relative size and thin sclera. 
Fixation of the whole body in Bouin’s fluid, and then serial 
sections of the skull horizontally to view both globes, are most 
appropriate for research. 

Biopsies of eyelid skin, conjunctiva, and adnexa are common 
submissions. They are routinely fixed in buffered formaldehyde. 
It is important to identify cut surfaces with India ink or sutures 
and labels to alert the pathologist for orientation and margin 
evaluation. 

Paraffin embedding and sectioning are performed routinely 
for all globes and biopsies. Some histotechnologists prefer sec- 
tioning the lens in a separate block to improve the quality of the 
section, and they will remove the lens prior to embedding the 
globe. 

Fine needle aspirates of intraocular and scrapings of orbital 
and eyelid masses and exudates are occasionally submitted. 
Usually the fine needle aspirates are submitted as smears on 
glass slides and are stained routinely with Wright-Geimsa and 
examined by clinical pathologists. When a liquid aspirate is 
attained, it is placed in an EDTA (purple-topped) tube and 
submitted for cytospin analysis. 

The recommended stains for routine light microscopic exam- 
ination of ocular tissues are hematoxylin and eosin, periodic 
acid-Schiff (PAS), and luxol fast blue. These stains allow the 
pathologist a thorough examination of the cellular morphology, 
basement membranes, and optic nerve. Additional special stains 
for evaluating infectious organisms and infiltrates are listed in 
Table 8.2. Special stains and immunohistochemistry have sev- 
eral applications in ophthalmic pathology to allow identification 
of tissues and structures, identification of infectious organisms, 
and determination of cellular lineage. Commonly utilized 
immunohistochemical antibodies are listed in Table 8.3. Tagging 
the antibody with a red marker instead of the common yellow- 
brown marker enhances the examiner’s ability to identify posi- 
tive labeling in the often heavily pigmented ocular tissues. 

Transmission and occasionally scanning electron micro- 
scopy are useful in veterinary ophthalmology to identify cells 
of origin of poorly differentiated neoplasms, to identify 
specific infectious agents, and as research tools. Specimens 
from the eye and adnexa destined for electron microscopy 
have specific fixation, embedding, sectioning, and staining 
requirements to obtain optimal electron microscopic evalua- 
tion. Small biopsies of eyelid skin, conjunctiva, sclera, or 
cornea may be adequately fixed by immersion in gluteralde- 
hyde. Although biopsies of the intraocular tissues from globes 
that are routinely immersion fixed can be prepared for Epon 
embedding and sectioning for electron microscopy, the sub- 
cellular details are limited. For optimal fixation of intraocular 
tissues, specialized fixation techniques are used. Several tech- 
niques are available, and most involve prompt fixation of the 
enucleated globe. These globes are immersed in chilled fixa- 
tive immediately after enucleation for several minutes, then 
removed, and the globe is opened with a pars plana incision to 
enhance exposure of the intraocular tissues to other fixatives 
and buffers. For optimal fixation of the outer segments and 
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Table 8.2 The Common Histochemical Stains Used in Ophthalmic Pathology 


Target Stain Result ee 


a 
General purpose Hematoxylin and eosin Proteins: pink 
Nucleic acid: purplish blue 
Calcium: blue 
Basement membranes (mucopolysaccharides Periodic acid-Schiff (PAS) Dark pink 
and glycoproteins) 
Collagen/muscle Masson's trichrome Collagen: blue 
Muscle: red 
Acid mucopolysaccharides Alcian blue Blue 
Colloidal iron 
Mucin Mucicarmine Pink to red 
Iron Perl’s Prussian blue Blue 
Calcium Von Kossa Black 
Alizarin red Red 
Myelin Luxol fast blue Aqua to blue 
Axons Bodian Black 5 
Lipid (fresh frozen tissue only) Oil red O Red 
Sudan black Black 
Amyloid Congo red Red (yellow-green birefringence with polarization) 
Thioflavin T Fluorescent white 
Crystal violet Violet to purple 
Elastic tissue Verhoeff-Van Gieson Black 
Melanin Fontana-Masson Black 
Fungi PAS Purple-pink 
Gomori methenamine silver Black 
Acid-fast organisms Ziehl-Neelsen Red 
Fite-Faraco Red j 
Acanthomoeba Calcaflour white Fluorescent white i 
Acridine orange Fluorescent orange 
Chlamydia Giemsa Pink inclusions 


Table 8.3. Common Immunohistochemical Markers Used in 
Ophthalmic Pathology 


Tissue Antibody 


Melanocytes S-100, melanin A, tyrosinase, HMSA 45 
Glial cells GFAP 

Vascular endothelium Factor VII 

Epithelial cells Cytokeratin 

Smooth muscle cells Actin 


Hematopoietic cells Leukocyte common antigen 


retinal pigment epithelium (RPE), osmium is often added to 
these specialized fixation protocols. These protocols provide 
excellent fixation and intracytoplasmic and cellular mem- 
brane detail of the outer and inner retinal segments (Fig. 8.3). 


Figure 8.3. This is a section of the posterior segment from a 
Sprague-Dawley rat with a retinal fold. Note the excellent fixation and 
minimal artifacts present in this Epon-embedded tissue. This globe was 
Occasionally, methodologies such as histochemistry for lipids triple fixed, plastic embedded, and sectioned. (Stain toluidine blue, original 
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and some cell markers require fresh rather than fixed tissue magnification 50X.) | 
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Figure 8.4A and B. The universal lesion in all dogs with Collie eye anomaly is choroidal hypoplasia. It is not a visually striking lesion and sometimes 
requires comparison to age- and site-matched controls. Note that the poorly pigmented choroid is less than half the thickness that normally approximates the 


retinal thickness. (Hematoxylin and eosin stain original magnification 100X. 


or special fixation and freezing. We encourage preoperative 
communication between clinician and pathologist to identify 
and address these specialized fixation and processing issues. 


FUNDAMENTAL PATHOLOGY 


The eye is arelatively closed system, and the injury to one ocular 
tissue often induces bystander injury to adjacent tissues. Many 
of the ocular tissues are postmitotic, which limits the capacity 
for pristine repair. Most ocular tissues must therefore adapt to 
injury in relatively limited ways, and many of these adaptations 
are sequential. The cellular responses of ocular tissues occur 
from development to maturity and include hypoplasia, aplasia, 
atrophy, dysplasia, hypertrophy, hyperplasia, metaplasia, necro- 
sis, apoptosis, degeneration and calcification, and neoplasia. 


) 


Hypoplasia is defined as diminished cell proliferation due to 
inadequate cytokine stimulation, lack of progenitor cells, or spe- 
cific cellular receptors. Hypoplasia is occasionally associated 
with inadequate conjunctival epithelial cell turnover. However, it 
is most commonly associated with restricted development of an 
ocular tissue. The most common example occurs in the subal- 
binotic animals in which the uvea is hypoplastic (Fig. 8.4B). 
Hypoplasia may be induced by decreased neural crest induction 
or migration. 

Aplasia is a lack of development of a tissue and is not an adap- 
tation response but a lack of induction of cellular development. 
Aplasia is usually focal, thereby affecting only a small area of the 
ocular tissues. Absence of tissue creates a defect called a 
coloboma. Colobomata of the optic nerve, uvea, and lens are only 
occasionally diagnosed (Fig. 8.5). Most ocular colobomata do 


Figure 8.5. A gross section of a formalin-fixed eye from a blind Collie puppy. Note the peripapillary coloboma, staphyloma, and retinal detachment. 
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not affect ocular function significantly and are incidental findings 
in globes submitted for other blinding disorders. 

Dysplasia by definition is not purely an adaptative process 
but rather an atypical growth of a developing (immature) ocu- 
lar tissue. Dysplasia is manifested as a morphologic abnor- 
mality in cell size, shape, and organization. There are many 
examples of dysplasia in veterinary ophthalmology, and most 
are inherited genetic defects. Examples include photoreceptor 
dysplasias, retinal pigment epithelial dysplasia, and retinal 
dysplasia (Fig. 8.6). However, retinal dysplasia is occasion- 
ally an adaptation response to a virus, toxin, or nutritional 
deficiency that induces necrosis and degeneration of tissues in 
the eye during development (Fig. 8.7). 


Figure 8.6. A section of retina from a Miniature Schnauzer dog with 
inherited retinal dysplasia. Note the prominent rosettes with incomplete 
photoreceptor development in the center and the discontinuous outer limit- 
ing membrane. (Toluidine blue stain, original magnification 200X.) 


Figure 8.7. A hematoxylin- and eosin-stained section of a retina of a calf 
that survived in utero bovine virus diarrhea (BVD) infection. Note the retinal 
dysplasia, glial proliferation, and retinal degeneration (Original magnifica- 
tion 100X). 


Dystrophy is also not a purely adaptation process. Dystrophy 
is an abnormality initiated by faulty nutrition of mature celjs. 
Several examples occur commonly in veterinary ophthalmology, 
and many of these are inherited mutations of the cornea that 
manifest in many breeds of dogs. A common example is cornea] 
dystrophy (Fig. 8.8). 

Atrophy is a reduction of tissue mass after the cells are mature. 
This response is common in ocular tissues, and the etiologies are 
diverse and include genetic mutations, ischemia, denervation, 
inadequate nutrition, advanced age, and prolonged elevations of 
IOP. These conditions may induce degeneration, necrosis, or 
apoptosis, and subsequently a loss of tissues. Common examples 
include senile iris atrophy, glaucomatous uveal, retinal and optic 
nerve atrophy, and outer segment atrophy associated with neu- 
rosensory retinal detachment (Figs. 8.9 and 8.10). 


Figure 8.8. A clinical photograph of inherited corneal dystrophy in an 
Alaskan Malamute dog. Note the opalescent circular ring in cornea. 


Figure 8.9. Optic disc and nerve degeneration that developed secondary 
to chronic primary glaucoma in a Basset Hound. Note the prominent optic 
disc cupping, papillary gliosis, and optic nerve degeneration. Also note the 
inner retinal degeneration that is more extreme on the nontapetal side (right 
side) than the tapetal area (tapetal sparing.) (Hematoxylin and eosin stain, 
original magnification 20X.) 
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Figure 8.10. A histologic section of a chronically detached retina. Note 
the retinal detachment, outer retinal atrophy, and retinal pigment epithelial 
hypertrophy and pigmentation. (Hematoxylin and eosin stain, original 
magnification 100X.) 


Hypertrophy is an increase in cell size and therefore cellu- 
lar mass. A few ocular tissues adapt to stress by hypertrophy, 
which_is often a prelude to hyperplasia. Common examples 
within the eye include retinal pigment, lens, iris, and vascular 
endothelial hypertrophy (Fig. 8.11). 

Hyperplasia also increases cellular mass and commonly occurs 
with hypertrophy, However, hyperplasia results in increased mass 
by an increase in the number of cells. Hyperplasia is an efficient 
adaptation response within ocular tissues that are capable of 
mitotic replication (i.e., retinal pigment, lens and corneal epithe- 
lium, and uveal melanocytes) (Fig. 8.12). 
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Figure 8.11. Retinal pigment epithelial hypertrophy is a common and 
acute adaptational response to retinal detachment in domestic animals. 
(Toluidine blue stain, Epon embedded, original magnification 400X.) 


Metaplasia is an adaptation response to stress in which a 
mature tissue changes or transforms into another. This is an 
important response in the eye, and examples include fibrous 
and osseous metaplasia of the corneal, lens, uveal, and RPE 
(Fig. 8.13). 

These adaptational cellular responses, whether congenital, 
developmental, or acquired, leave a footprint that is often unique 
in its gross, subgross, and light microscopic appearance. This 
facilitates diagnosis by the ophthalmologist and confirmation of 
such by the pathologist. When the ocular cells or tissue can no 
longer adapt to the insult, an irreversible cellular event develops 
(i.e., cell death). Cells die by two basic mechanisms: necrosis or 
apoptosis. 

Necrosis is cell death that often affects multiple cells within 
the eye, and it is characterized with light microscopy by increased 


Figure 8.12. A. Serous retinal detachment in a dog. Note the retinal pigment epithelial hypertrophy, hyperplasia, and migration into the detachment where 
they perform macrophage duties. Note also the degeneration of the outer and inner segments and outer nuclear layer. (Periodic acid-Schiff stain, original 
magnification 300X.) B. A scanning electron micrograph of the RPE under a detached retina in a dog. The retina has been removed. Note the retinal pigment 


epithelial hypertrophy and hyperplasia. (Bars = 0.1mm.) 
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Figure 8.13. A. Osseous metaplasia of the anterior segment of an eye from a Guinea pig. (Hematoxylin and eosin stain, original magnification 100X.) 
B. Fibrous metaplasia of lens epithelial cells in this hypermature cataract in a dog. The metaplastic lens epithelium extends throughout the folded lens 


capsule as multiple spindle cells. (PAS, original magnification 100X.) 


cellular cytoplasmic eosinophilia and nuclear changes of pykno- 
sis (nuclear shrinkage), karyolysis (nuclear fragmentation), and 
karyorthexis (nuclear disappearance). Several types of necrosis 
are recognized; in coagulative necrosis, cell morphology is 
retained somewhat, contrasted to liquefactive necrosis in which 
enzymes destroy the cellular architecture (Fig. 8.14). Necrosis is 
usually accompanied by an inflammatory infiltrate. 

In contrast, apoptosis is programmed cell death that often 
affects individual cells. Morphological clues for diagnosis of 
apoptosis include cell shrinkage, detachment from neighboring 
cells, development of cell surface blebs, and frequently phago- 
cytosis of the affected cell (Fig. 8.15). Apoptosis is recognized 
as an efficient method of physiologic cell removal and remodel- 
ing of ocular tissues during development. Apoptosis is also 


Figure 8.14. Choroiditis and retinal necrosis in a septic calf. (Hematoxylin 
and eosin stain, original magnification 200X.) 


Figure 8.15. Progressive retinal atrophy in a middle-aged collie. Note the 
organelle swelling and cone nuclei exhibiting apoptotic changes. (Transmitting 
electron micrograph 3600X.) 


a recognized part of some developmental ocular disorders 
(photoreceptor dysplasias) and finally as part of acquired ocular 
disorders such as neoplasia. Inflammatory infiltrate is usually 
not an accompanying feature. 

Neoplasia is uncontrolled, persistent, abnormal cellular prolif- 
eration. Neoplasms may be either benign or malignant. Benign 
ocular neoplasms contain well-differentiated cells that are usually 
similar in appearance to the tissues from which they derive 
(Figs. 8.16 and 8.17). Benign neoplasms are generally termed 
by adding the suffix -oma to the name of the cell of origin: 
melanocytoma, tarsal gland adenoma, and so on. Benign neo- 
plasms are slowly expansile, are usually encapsulated, and 
induce damage by compression of adjacent tissues. Malignant 
neoplasms are signified by attaching sarcoma or carcinoma to the 
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Figure 8.16. Tarsal gland adenoma is a common, benign eyelid neoplasm 
of dogs. Note the well-differentiated glandular structure. (Hematoxylin and 
eosin stain, original magnification 100X.) 


Figure 8.17. A well-differentiated ciliary adenoma from a cat. Notice the 
endophytic growth and lack of ocular tissue invasion of this benign neoplasm. 
(Periodic acid-Schiff stain, magnification 2X.) 


tissue of origin: intraocular sarcoma, squamous cell carcinoma. 
Malignant ocular neoplasms may be categorized into four 
groups: carcinomas, sarcomas, melanomas, and lymphoreticular 
(round cell) neoplasms. These malignant neoplasms range from 
poorly differentiated to well differentiated and are characterized 
best by their invasive characteristics of tissues. Histological fea- 
tures of malignant neoplasms include cellular pleomorphism, 


Figure 8.18. A subgross view of a malignant intraocular sarcoma in a cat. 
Note the complete invasion of the vitreous, choroid, ciliary body, and iris. 
In several areas, the sarcoma is invading the sclera. (Periodic acid-Schiff 
stain, original magnification 2X.) 


increased nucleocytoplasmic ratio, high mitotic index, atypical 
mitotic figures, destruction and invasion of cellular architecture, 
and necrosis (Fig. 8.18). 


OCULAR INFLAMMATION 


Ocular inflammation results from a variety of insults, including 
accidental or surgical trauma; exposure to toxic substances, infec- 
tious agents, noninfectious immunogenic stimuli, and physical 
agents; and neoplasia. The unique anatomic and physiologic prop- 
erties of the eye render it exquisitely sensitive to inflammation and 
its sequelae, and the clinician dedicates significant resources to 
tempering the inflammatory response. These properties include 
ocular functional dependence on tissue transparency and precise 
intertissue physical relationships; inflammation resolves with 
fibrosis, and scars are not transparent; they distort tissue relation- 
ships as they mature and contract. Likewise, because the eye is 
largely composed of a voluminous extracellular fluid compartment 
with a relatively slow turnover, the vitreous, the chemical media- 
tors and products of inflammation exert an exaggerated and pro- 
longed effect on the ocular tissues, whereas elsewhere in the body 
they are metabolized, diluted, and carried away by the vasculature 
in amore efficient manner. 

The eye is an immunologically privileged site related to 
the isolation and avascularity of many of its component tis- 
sues and the absence of lymphatics; the conjunctiva does 
have some lymphatics, and their presence in the orbit 
is somewhat controversial. These features largely dictate 
how a particular ocular tissue responds to inflammatory 
stimuli. Anterior chamber—associated immune deviation 
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(ACAID) has implications for the modulation of the ocular 
inflammatory response, as discussed in detail in Chapter 5. 

Ocular inflammation should be regarded as a series of events 
occurring over time; the pathologist is thus limited to viewing a 
single frame in an orchestrated sequence of events (the clinician 
has an advantage in this regard). Inflammation is largely regu- 
lated by a vast array of chemical mediators that are primarily 
endogenous but may be exogenous in origin, such as from ven- 
oms and microbial products. Acute inflammation is of rapid 
onset and short duration in terms of days. The initial events are 
vascular and exudative, mediated by plasma factors (the kinin, 
clotting, and complement systems) and tissue factors (vasoactive 
amines, prostaglandins, lysosomal products, and lymphocyte 
products). Vascular changes include dilation with congestion 
and increased vascular permeability, with disruption of the 
blood—ocular barrier and the egress of intravascular fluid and 
protein into adjacent tissues. Fibrin, the smallest of the plasma 
proteins, is the primary proteinaceous component; fibrinous 
inflammation is commonly associated with bacterial infection, 
septicemia, or surgical or accidental trauma. Clinically, these 
changes manifest as conjunctival and uveal edema, aqueous 
flare, and plasmoid vitreous. If the blood—-ocular barrier of the 
RPE is compromised by these mediators, serous or exudative 
retinal detachment results. If the tight intercellular junctions 
of the ciliary epithelium remain intact, edema of the ciliary 
processes may occur. 

Subsequent events are characterized and defined by the 
attraction and recruitment of the cells of inflammation. Neu- 
trophils are the hallmark of acute inflammation (Fig. 8.19); note 
that this is the pathologist’s definition of acute, which may differ 
from that of the clinician’s. Neutrophils are produced in the bone 
marrow, are rapidly mobilized in response to injury, and have a 
short life span of 1 to 2 days in tissues. They are phagocytic cells 
whose granules contain substances that degrade nonviable sub- 
stances; neutrophils possess direct antimicrobial capacity as 


Figure 8.19. Neutrophils are the first-responder inflammatory cells. Note 
the toxic neutrophils, which contain intracytoplasmic bacteria, and the red 
blood cells and mononuclear cells. This was a fine-needle aspirate from 
the vitreous of a dog with septic endophthalmitis. (Wrights-Giemsa stain, 
magnification 400X.) 


well. External degranulation can occur and may contribute to 
tissue damage, as is the case in the pathogenesis of the type I] 
hypersensitivity reaction to canine adenovirus, type I, where 
the antigen-antibody complexes that form within the corneal 
endothelium subsequently fix a neutrophil-chemotaxin com- 
plement. If infiltration is accompanied by liquifactive necrosis, 
the inflammation is described as purulent and suppurative, In 
the anterior chamber, neutrophils gravitate inferiorly to present 
clinically as hypopyon. 

Inflammation becomes chronic in the presence of persist- 
ence of the original stimulus, significant tissue destruction or a 
foreign body, or a poor blood supply. Chronic inflammation js 
both exudative and proliferative, occurs over weeks, and is 
superimposed on the process of repair. Lymphocyte and 
plasma cell infiltrates are the hallmark of chronic disease, with 
implications of an immune-mediated process (Fig. 8.20). 
Lymphocytes are either (thymus T-lymphocytes) or nonthy- 
mus-derived lymphocytes (B-lymphocytes). The former are 
involved with cell-mediated immune responses and include 
subpopulations that are specifically cytotoxic, secretors of 
lymphokines, immunomodulatory, and carriers of immune 
memory. B-lymphocytes are capable of transforming into 
plasma cells, which secrete class-specific antibodies to a 
specific antigen. Inspissation of plasma cells leads to the 
evolution of plasmacytoid and Russell body cells. Some lym- 
phocytes, referred to as null cells, lack both T and B character- 
istics, and have cytotoxic capabilities. In the anterior chamber, 
lymphocytes and plasma cells adhere to the iris and corneal 
endothelium as fine granular precipitates. 

Lymphoplasmacytic inflammation is a common histopatho- 
logic finding but not a particularly enlightening diagnosis; while 
suggesting the possibility of an immune-mediated process, 


Figure 8.20. Idiopathic lymphocytic plasmacytic uveitis in a cat. Note the 
diffuse infiltration of lymphocytes and the lymphoid follicle at the anterior 
base of the iris. (Hematoxylin and eosin stain, original magnification 200X.) 
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practically it portrays the limitations of the pathologist in 
providing a diagnosis of greater clinical value. Many infectious 
diseases can present with such an infiltrate and “the torch is 
returned” to the clinician to pursue additional diagnostic modali- 
ties (serology, cultures, IFA, PCR). 

Eosinophils are produced in the bone marrow and are present 
in both acute and chronic inflammation; their granules contain 
arginine-rich basic protein, peroxidase, arylsulfatase, and phos- 
pholipase. They are attracted by antibody-antigen complexes, 
modulate the inflammatory response by inhibiting mast cell prod- 
ucts, and demonstrate a killer function toward parasites, and thus 
are associated with allergic reactions and parasitic infestation. 
Mast cells granules contain heparin, histamine, and serotonin, 
among other factors; are found in abundance in the conjunctiva 
and uvea; and play an initiating role in hypersensitivity responses 
(Fig. 8.21). Cytoplasmic metachromatic granules, not seen on 
routinely stained preparations, are readily evident when stained 
with toluidine blue, or Duffies stain (Figs. 8.21 and 8.22). 

The presence of a resistant or replicating stimulus leads to 
the activation of the macrophage system and is referred to as 
granulomatous inflammation, which is always chronic. It can be 
initiated by specific organism, immunologic reactions, or for- 
eign bodies. Its hallmark is the epithelioid cell, a specialized 
histiocyte characterized by abundant cytoplasm and a large, 
pale nucleus (with an appearance reminiscent of a squamous 
epithelial cell). Fusion of epithelioid cells form multinucleated 
giant cells that differ in appearance depending on the inciting 
stimulus (Fig. 8.23). Foreign-body giant cells possess multiple 
nuclei dispersed throughout the cytoplasm; the nuclei of Langer- 
hans giant cells array around the periphery of the cell and are 
usually associated with infectious granulomas; and Touton 
giant cells are encountered in xanthomatous and lipogranulo- 
matous disease with cytoplasmic lipid vacuoles and the nuclei 
concentrically arranged in the midperiphery. 

Granulomatous inflammation is described as discrete, zonal, 
or diffuse, dependent upon the organization of the macrophages 


Figure 8.21. Mast cells are normal inhabitants of the conjunctival and 
episcleral tissues, and their prominent granules contain heparin, histamine, 
and serotonin. This cytology specimen was a fine-needle aspirate from an 
episclera mast cell tumor. (Toluidine blue stain, original magnification 400X.) 
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Figure 8.22. Mast cells are readily identified by several histochemical 
Stains, including Duffies stain. Note the blue-stained mast cells and - 
red stained eosinophils in this palpebral conjunctival biopsy from a cat. 
(Duffies stain, original magnification 250X.) 
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Figure 8.23. Multiple coalescing epithelioid macrophages within a fibrovas- 
cular membrane on the iris of dog with chronic retinal detachment and uveitis. 
Some of these giant cells have peripheral nuclei typical of Langerhans giant 
cells. (Hematoxylin and eosin stain, original magnification 400X.) 


within the tissues. In the discrete form, distinct compact granulo- 
mas develop; there may or may not be central necrosis. Discrete 
granulomas may form in virtually any of the ocular tissues and 
require distinction both clinically and histopathologically from 
nodular or follicular lymphoplasmacytic infiltrates. In zonal 
granulomatous inflammation, the epithelioid cells surround the 
stimulus; chalazion, phacoclastic uveitis (in some species), and 
scleritis exemplify, with sebaceous secretion, lens protein, and 
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collagen the respective stimuli. Epithelioid cells intermixed with 
lymphocytes and plasma cells are broadly distributed in diffuse 
granulomatous inflammation, with uveodermatologic syndrome 
providing a prototypic example. In the anterior chamber, 
macrophages will congregate and adhere to the corneal endothe- 
lial surface as large “mutton-fat” precipitates. 

Regardless, the pathologist attempts to identify what the 
cells are phagocytizing to arrive at an etiologic diagnosis, and 
stains for fungi (PAS or Gimori’s methenamine silver), 
mycobacteria (Ziehl-Neelsen, Fite’s, or auramine-rhodamine 
fluorescence), and spirochetes (silver stains) are useful in this 
regard (Figs. 8.24, 8.25, and 8.26). 


Figure 8.24. Diffuse mycotic keratitis in a horse. Note the fungal hyphae 
throughout the cornea stroma and a diffuse neutrophil infiltrate. (Periodic 
acid-Schiff stain, original magnification 350X.) 
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Figure 8.25. A vitreous aspirate from a dog with systemic blastomycosis 
and endophthalmitis. There are five Blastomyces dermatitidis organisms, 
degenerate neutrophils, and plasmoid vitreous. (Periodic acid-Schiff stain, 
original magnification 400X). 
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Figure 8.26. Mycotic keratitis in horse. Note the fungal hyphae within 
Descemet’s membrane, the erosions on this basement membrane, and the 
dense infiltration of neutrophils nearby. (Periodic acid-Schiff stain, original 
magnification 350X.) 


Granulomatous inflammation may have an acute neutrophilic 
component; this type of response is typical in mycotic infection. 
Pyogranulomatous blepharitis (presumed an immune-mediated 
disease) and the pyogranulomatous uveitis that accompanies 
feline coronavirus infection are additional examples. Note that 
the terminology is not precise in that there is not necessarily 
necrosis and suppuration in these processes. 

From the preceding, it is evident that inflammation can be 
described as acute or chronic and as nongranulomatous or granu- 
lomatous on the basis of the nature of the cellular infiltrate. Ocu- 
lar inflammation can also be classified by extent of involvement 
of the ocular tissues. Involvement of isolated or adjacent tissues 
may be described with the suffix -itis; if two or more tissues are 
involved, that which is most directly or primarily involved 
comes first in the terminology. If there is significant involvement 
of one of the large extracellular fluid compartments—the ante- 
rior and posterior chambers or the vitreous—endophthalmitis is 
the appropriate descriptor. Panophthalmitis implies extensive 
intraocular involvement as well as involvement of the fibrous 
coats—the cornea, sclera, or both; extension to adjacent orbit 
and adnexa often accompanies panophthalmitis. 


Repair of Ocular Tissue 


The principles of tissue healing and repair are the same within 
the eye as in other tissues and are discussed in detail previously 
in this chapter. However, in addition to the anatomic and func- 
tional interdependence of the ocular tissues and the relationship 
of function to transparency of the dioptric system, the limited 
mitotic potential of critical tissues (the corneal endothelium in 
some species and retinal neurons) as well as the proliferative and 


metaplastic capabilities of the lens and neuroectodermal 
epithelium dictate that functional repair is indeed the exception 
rather than the rule, and the clinician struggles to create an envi- 
ronment in which functional repair prevails. This perspective is 
important in considering the sequelae of inflammation. 


Sequelae and Complications 
of Ocular Inflammation 


In general, the sequelae and consequences of intraocular inflam- 
mation are proportional to the severity and duration of the 
inflammatory process. Fibrinous exudation initially with subse- 
quent organization (fibrosis) can lead to adhesions and membra- 
nogenesis. Adhesions may form between iris and cornea 
(anterior synechiae) and iris and lens (posterior synechiae) 
(Fig. 8.27). Adhesions between iris root and peripheral cornea 
(peripheral anterior synechiae) result in angle closure. Anterior 
chamber fibrinous exudation (Fig. 8.28) with subsequent 
organization is a common feature of immune-mediated pigmen- 


Figure 8.27. Pupillary occlusion due to posterior synechiae. There is a 
fibrous adhesion of the iris leaflets to the anterior lens capsule in this domestic 
chicken. (Hematoxylin and eosin stain, original magnification 40X.) 


Figure 8.28. Plasmoid aqueous, cataract, posterior synechiae, and a 
mild preiridal fibrovascular membrane inducing ectropion uvea in calf with 
endophthalmitis secondary to septicemia. (Hematoxylin and eosin stain, 
original magnification 40X.) 
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tary dispersion uveitis in Golden Retrievers. Membranes that 
organize retrolentally (frequently with condensation of a 
posteriorly detached vitreous as a scaffold) incorporate the 
ciliary processes and are referred to as cyclitic membranes 
(Fig. 8.29); they can be devastating to the eye by virtue of ciliary 
and retinal traction with resultant ciliary detachment and 
hypotony and tractional retinal detachment; phthisis bulbus is a 
common outcome. Vitreal and periretinal membranes, uncom- 
mon in animal eyes in contrast to humans, may also result in reti- 
nal detachment as they mature and contract. 

Secondary cataracts may occur as a result of perturbation of 
the nourishing fluids of aqueous and vitreous by the products of 
inflammation with associated effects on lens metabolism. The 
lens epithelial cells are particularly susceptible with anterior 
subcapsular fibrous plaques and posterior migration with blad- 
der cell formation common associations. Membranes may 
adhere to the anterior lens capsule with focal cataract forma- 
tion. Inflammatory cells and products may weaken the zonulae 
with resultant lens dislocation; these sequelae are seen most 
commonly in the cat and occasionally in the dog. 

Ocular membranogenesis is an important sequel to inflam- 
mation that can occur with exuberance especially in the canine 
eye. While one may refer to specific tissues, such as retrolental 
corneal membranes, pupillary membranes, and cyclitic mem- 
branes, it is important conceptually that these membranes 
frequently exist as an anatomic continuum as they extend along 
the tissue surfaces of the anterior and posterior segment. They 
may be caused by fibrous ingrowths through a corneal or scleral 
wound, organization of fibrinous exudation or hemorrhage, or 
granulation responses by the uveal tissue, or they may arise 
from metaplastic epithelium; phacoclastic uveitis, which occurs 
following breach of the lens capsule, is largely the result of the 
proliferation of metaplastic lens epithelium. 


Figure 8.29. A ruptured lens capsule with a perilenticular fibrous membrane 
and diffusely thickened iris and ciliary body in a cat. (Periodic acid-Schiff stain, 
original magnification 2X.) 
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The formation of fibrovascular membranes on the anterior iris 
(Fig. 8.30), retina, or optic disc, as a consequence of the effects of 
soluble vasogenic proteins (predominantly vascular endothelial 
growth factor [VEGF]), is a common and consequential event in 
the eyes of domestic animals and can occur as a result of chronic 
retinal detachment, retinal ischemia from glaucoma or hyperten- 
sion, chronic uveitis, and intraocular tumors. The sources of these 
proteins may be retinal neurons, inflammatory cells, or neoplastic 
cells. In domestic animals, the iris is much more commonly 
affected than the posterior segment tissues, again in contrast to 
human eyes. While clinically the process is described as rubeosis 
irides, or “red iris,’ in human eyes, clinical manifestations are 
more difficult to detect in animals, and the term preiridal 
fibrovascular membrane (PIFM) is preferred. These membranes 
may proliferate over the pectinate ligaments and lead to angle 
closure or obstructive glaucoma, may bleed as a common cause 
of spontaneous hyphema, and may extend as pupillary, retroiri- 
dal, or anterior lens capsular membranes. 

Secondary glaucoma occurs as common and significant 
sequelae of inflammation by a variety of possible mechanisms. 
Extensive peripheral anterior synechiae with angle closure may 
occur with or without iris bombé or pupillary membranes; in the 
latter instance, not only is aqueous circulation inhibited at the 
pupil but the pressure differential between anterior and poste- 
rior chambers leads to anterior bowing of the iris with angle 
closure that will mature into peripheral anterior synechiae. As 
mentioned previously, iridocorneal angle (ICA) obstruction or 
closure can occur as a result of PIFMs or other anterior chamber 
membranes. In phacolytic glaucoma, lens protein escaping 
through the intact lens capsule is ingested by macrophages that 
are of significant dimension to physically obstruct the trabecu- 
lar meshwork. In chronic lymphoplasmacytic uveitis, notably in 
cats, accumulations of inflammatory cells within the ciliary 
cleft can block access to the trabecular meshwork. Lastly, 
the chemical by-products of chronic inflammation may have a 
deleterious effect on trabecular endothelial cells. 
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Figure 8.30. Entropion uvea in dog. Note the small preiridal fibrovascular 
membrane (PFM) that envelops the iris leaflet and pulls the tip inward 
toward the lens. (Hematoxylin and eosin stain, original magnification 200X.) 


Retinal detachment may occur as the result of exudation 
from the choroid as the retinal pigment epithelial barrier iş 
compromised (Fig. 8.31) or as a result of traction by cyclitic, 
vitreal, or preretinal membranes (Fig. 8.32). 

Atrophy develops as postinflammatory sequelae to cell and 
tissue loss in the uvea, retina, and optic nerve (Fig. 8.33). Less 
significant uveal changes include a melanocytic hyperplasia 
with resultant hyperpigmentation and the formation of inflam- 
matory iridociliary cysts. 

Phthisis bulbus (wasted eye) occurs when severe inflamma- 
tion and its sequelae result in cessation of aqueous production, 
The clinical definition of this end-stage process is a shrunken eye; 
to the pathologist, the hallmarks are an atrophic and disorganized 
globe that is usually characterized by a cyclitic membrane and 
variable degrees of chronic inflammation. Fibrous or osseous 
metaplasias of the ocular epithelium are commonly encountered, 
necessitating decalcification in order to process the globe. 


Figure 8.31. Gross section of canine eye with septic endophthalmitis. 
Note the opaque plasmoid aqueous and vitreous and the exudative retinal 
detachment. 


Figure 8.32. Gross section of a formalin-fixed dog’s eye with a rhegmatoge- 
nous retinal detachment. Note the giant tears in the peripheral retina and 
the retinal scrolling. Focal vitreous traction bands induced the scrolling and 
contraction of the retina. 
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Figure 8.33. Retinal and choroidal degeneration with intraretinal migration 
of retinal pigmented epithelial cells. (Hematoxylin and eosin stain, original 
magnification 300X.) 


PATHOLOGY OF CONGENITAL 
DISORDERS 


All diseases may be classified into congenital, inherited develop- 
mental, and acquired conditions. The congenital disorders are 
those that manifest at birth and include those that are idiopathic 
(induced by exposure of the embryo to nutritional deficiencies, 
toxins, or infectious agents) and those induced by genetic muta- 
tions. To avoid duplication, we have included the inherited con- 
ditions that manifest at birth in the congenital section. The 
section on inherited developmental ocular disease includes all 
known inherited or suspected genetic disorders that manifest 
after birth. 

There are many ways to categorize congenital anomalies. Many 
congenital disorders involve multiple ocular tissues, while others 
affect single tissues, differences that may create confusion for the 
novice pathologist and ophthalmologist. We have categorized con- 
genital disorders into those that occur during organogenesis 
(anophthalmos, cystic globe, cyclopia, synophthalmia, microph- 
thalmia, coloboma); disorders of tissue differentiation that affect all 
or most of the globe after organogenesis (multiple ocular anom- 
alies, anterior segment dysgenesis, congenital glaucoma); and 
those that affect only specific ocular tissues (surface ectoderm, 
mesoderm, neural crest, and neuroectoderm tissues). To avoid 
redundancy, we do not review the developmental biology of the 
eye. A thorough knowledge of embryology is a prerequisite for 
understanding congenital anomalies, and a review of Chapter 1 of 
this text is recommended. 


Defective Organogenesis 


Anophthalmos is a total absence of ocular tissue. This is a rare 
condition that results from failure of the primary optical vesicle 
to develop or from a complete regression of the optic vesicle. 
This condition is usually bilateral; concurrent anomalies of 
skeletal and central nervous system anomalies are common and, 
iM swine, are associated with maternal deficiencies of vitamin 
A.™ Most often, there is a histologic evidence of a globe not 
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identifiable on clinical examination of the neonate—hence the 
term clinical anophthalmos. When the contents of the orbit are 
removed, fixed and sectioned, and examined histologically, 
remnants of primordial ocular tissues are usually evident on 
serial section. These are more appropriately termed either cystic 
eyes or microphthalmia. 

Cystic eyes are rare and manifest as small, round, scleral- 
wrapped structures lined with a single layer of undifferentiated 
neuroectoderm (Fig. 8.34). The lens and cornea are absent, and 
development has been arrested at the optic vesicle stage, with 
failure of invagination to form the optic cup. The differential 
diagnosis is microphthalmia, which mandates that the globe 
should contain remnants of surface ectoderm (lens), evidence of 
neural crest migration (uvea), and differentiation of neuroecto- 
derm into a bilayered structure. 

Microphthalmia is diagnosed commonly by the clinical oph- 
thalmologist (Fig. 8.35), and occasionally these small globes 


Figure 8.34. A cystic eye from a foal. The globe is lined by a single layer 
of neuroectoderm, confirming a lack of embryonic invagination of this eye. 
A large piece of cartilage of undetermined origin is present also. (Hema- 
toxylin and eosin stain, original magnification 1X.) 


Figure 8.35. Microphthalmia in a Siamese kitten. Note the lack of an 
obvious globe that is inducing the third eyelid prolapse and mild ectropion. 
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are examined by the pathologist (Fig. 8.34). When the orbital 
contents are available for examination histologically, the eye- 
lids, conjunctiva, and associated goblet cells, tarsal glands, 
lacrimal glands, and extraocular muscles are usually normal. 
There is considerable variation in extent of microphthalmia, 
and the palpebral fissure and the orbit are usually smaller. The 
eye may be slightly smaller and require calipers to confirm the 
diagnosis or so extreme that only a small, disorganized, spheri- 
cal remnant is present. Phthisis bulbus is the major differential 
diagnosis, and the histologic features of inflammation allows 
accurate differentiation of these postinflammatory or trauma- 
tized globes. Microphthalmia is usually accompanied with 
microphakia, suggesting arrested development at the optic cup 
stage. Evidence of retinal differentiation is identified with light 
microscopy. Microphthalmia occurs early in development 
because of deficiencies in the optic vesicle or later because of a 
lack induction of ocular tissues. 

Cyclopia manifests as a single orbit and globe that is located 
centrally in the forehead and is occasionally documented in 
domestic animals (Fig. 8.36). True cyclopia is exceedingly rare, 
and usually this midline anomaly represents fusion of the devel- 
oping globes with partial or complete duplication of intraocular 
structures and is properly referred to as synophthalmos 
(Fig. 8.37). Synophthalmos and cyclops are usually accompa- 
nied by several cranial anomalies, including cleft palate, hydro- 
cephaly, microcephaly, hydrencephaly, median proboscis, and 
cranioschisis. Cyclopia has been induced by feeding ewes Vera- 
tum californica.>* This plant contains jervine, cyclopamine, and 
cyoposine, and these steroid alkaloids damage the neural groove 
of the fetal lamb at day 14 and 15. Prolonged gestation is com- 
mon with these deformed lambs, and considerable variation in 
anomalies occurs in outbreaks of toxin exposure of flocks. Expo- 
sure of the fetal lamb after day 15 may induce skeletal anomalies 
but not cyclopia. Similarly, synophthalmia has been induced in 


Figure 8.36. A bovine cyclops. Note the single central eye and lack of 
nasal and maxillary development. 


Figure 8.37. A. Synophthalmos in a newborn kid. B. Sagittal section of 
the synophthalmos reveals paired lenses, partial separation of the anterior 
segments, and sharing of a posterior segment. 


mice by exposure of pregnant dams to Ochratoxin. Numerous 
rodent models have been investigated to further unravel the 
pathogenesis of such congenital anomalies that develop early in 
embryogenesis.’ 

Coloboma is an absence of tissue that is normally present. 
Colobomata are classified as typical (orientated along the 
embryonic fissure) and atypical (orientated along all other 
planes). Typical colobomata develop because of incomplete 
fusion of the embryonic fissure; atypical colobomata develop 
because of a lack induction or impaired proliferation of the 
affected tissues. Colobomata may affect the eyelids and 
conjunctiva, cornea, sclera, uvea, retina, and/or optic nerve; 
lens colobomata manifest as consequences of ciliary body and 
zonular colobomata. When the coloboma is extensive and 
involves the sclera, there is often a thinning of the fibrous 
layer (ectasia) without pouching of the uvea and retina 
(staphyloma). Occasionally, a cystic scleral coloboma is pres- 
ent with neurocrest and neuroectoderm within orbital tissues. 
Defective differentiation of the neurocrest (uveal hypoplasia) 
and neuroectoderm (retinal dysplasia) along the staphyloma is 
common. Colobomata of ocular tissues occur in all domestic 
animals; choroidal and optic nerve colobomata are common in 
dogs with Collie eye anomaly (Fig. 8.38), and optic nerve 
colobomata and staphylomas are frequent in Charolais 
cattles 


Figure 8.38. A peripapillary coloboma, staphyloma, retinal detachment, 
and retinal dysplasia in a Collie puppy with Collie eye anomaly. (Hema- 
toxylin and eosin stain, original magnification 100X.) 


Defective Tissue Differentiation 


After the optic cup is formed, ocular development involves 
differentiation of neuroectoderm into retina, ciliary, and iridal 
epithelium; neural crest and mesenchymal differentiation into 
vascular and fibrous tunics of the eye; and surface ectoderm 
into the lens, corneal, and conjunctival epithelium and 
lacrimal, eyelid, and conjunctival glands. Anomalies of differ- 
entiation of neuroectoderm, neural crest, and mesenchymal 
tissues and surface ectoderm are frequently diagnosed. 


Defective Neuroectoderm Differentiation 
Retinal Dysplasia 


Retinal dysplasia is an abnormal differentiation of retinal lay- 
ers and is identified by multiple rosettes and glial proliferation 
(Figs. 8.6, 8.38, and 8.39). Rosettes are pathognomic for reti- 
nal dysplasia and are composed of a central lumen containing 
dysplastic photoreceptor inner and outer segments surrounded 
by multiple layers of neuroblasts and axons, and the external 
limiting membrane is discontinuous in the fetal retina. The 
pathogenesis of retinal dysplasia is complex and largely 
unknown. Four mechanisms have been postulated that may 
induce retinal dysplasia: proliferative outgrowth of the retina, 
retinal detachment, congenital absence of RPE, and retinal 
dysplasia in situ.!? 

Retinal dysplasia is induced by multiple etiologies. The 
most common etiologies are genetic mutations, and many are 
reported in dogs.'* To date the mutations have not been identi- 
fied, although the mode of inheritance has been confirmed in 
numerous breeds of dogs, and other organ systems are occa- 
sionally reported.!*'8 
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Figure 8.39. Retinal dysplasia in a dog. Note the outer nuclear rosettes 
and complete disorganization of the retina. (Hematoxylin and eosin stain, 
original magnification 300X.) 


Retinal dysplasia is also induced by in utero virus infec- 
tions in cattle, cats, and sheep. These lesions are characterized 
by cellular necrosis and scarring, and retinal rosettes are 
induced by virus infections, including BVD, feline pan- 
leukopenia, feline leukemia, canine herpes virus, blue tongue, 
and others.!™”! The histologic lesion is similar in all diseases. 
The acute lesions induced by these viruses are a nonsuppura- 
tive endophthalmitis with multifocal chorioretinal necrosis. 
Chronic lesions include multifocal chorioretinal scarring, 
atrophy, and retinal rosettes. The RPE is commonly affected 
with multifocal hyperplasia and degeneration. Other neural 
tissues are commonly affected, and cerebellar atrophy, hydro- 
cephalus, and hydrancephaly are noted. 

Retinal dysplasia has been reported secondary to maternal 
toxin exposure? and nutritional deficiencies (vitamin A, zinc, 
taurine).>73 

Retinal folds represent uncoordinated growth of retina and 
the outer coats of the eye such that excess retina is present; 
while folds may be encountered as a component of retinal 
dysplasia as a secondary consequence of the altered growth 
rate of the dysplastic retina, they are distinct in terms of patho- 
genesis and significance (Figs. 8.3 and 8.40). The antithesis is 
a developing retina that grows less than normal with resultant 
stretching, peripheral tearing, and congenital nonattachment. 


Optic Nerve Hypoplasia and Ganglion Cell Hypoplasia 


Optic nerve hypoplasia develops secondary to either ganglion 
cell hypoplasia or atrophy as the axons of these ganglion cells 
form the majority of the optic nerve. The clinical diagnosis of 
optic nerve hypoplasia is limited to morphologic estimation 
and records on eye certification examinations confirm this dis- 
order in some purebred dogs.!* However, the ganglion cell and 
optic nerve morphology is seldom documented histologically 
in these dogs. Some or most of these conditions are inherited 
and most likely involve ganglion cell hypoplasia.” 


372 e SECTION Il: Foundations of Clinical Ophthalmology 


Figure 8.40. A retinal fold (central) and retinal dysplasia on the left side 
of this photo. (Toluidine blue stain, original magnification 200X.) 


Optic nerve and ganglion cell atrophy are induced in young 
cattle by deficiency of vitamin A. The pathogenesis includes 
failed remodeling of the optic nerve foramen, which results in 
stenosis and optic nerve compression and atrophy.” Vitamin A 
deficiency induces optic nerve hypoplasia and retinal dysplasia 
and multiple systemic anomalies in piglets.” Griseofulvin 
toxicity induces cyclopia, anophthalmia, and aplastic optic 
nerves in kittens from queens medicated at 500 to 1000 mg 
orally.” 


Defective Neurocrest and Mesenchymal 
Differentiation 


After the optic cup is formed and the lens vesicle separates 
from the surface ectoderm, the periocular mesenchyme and 
neural crest cells undergo a series of migrations, differentia- 
tions, and atrophies to form the anterior segment and vitreous, 
and errors in these developments may induce anterior or pos- 
terior segment anomalies. Anterior segment dysgenesis 
includes multiple anomalies of the cornea, lens, and anterior 
uvea (Fig. 8.41). Affected globes are often microphthalmic, 
and the lens is small (microphakia). The anterior uvea is 
hypoplastic, and persistent pupillary membranes are often 
present. The cornea is occasionally hypoplastic. Anterior seg- 
ment dysgenesis is due to either a primary lack of induction 
and differentiation of neural crest tissues or a lack of induction 
of these tissues by surrounding tissues. The lens is consis- 
tently small and is likely directly involved in the development 
of these anomalies. 

Congenital glaucoma has many similar anomalies to 
anterior segment dysgenesis except for the effects on 
the retina, optic nerve, and the buphthalmos. The uvea is 
consistently hypoplastic, and microphakia is always present 
(Fig. 8.42A).%031 The filtration angle is also primitive, and the 
uvea is hypoplastic (Fig. 8.42B). Examination of the retina 
and optic nerve will reveal degeneration of the ganglion cells, 
nerve fiber layer, optic nerve, and inner plexiform and 
inner nuclear layers. Considerable confusion surrounds the 
congenital and primary glaucomas of dogs in the veterinary 


Figure 8.41. Iris-to-cornea persistent pupillary membranes. 


literature. Congenital glaucoma is confirmed by documenting 
a buphthalmic globe with microphakia and a hypoplastic 
uvea at birth. The IOPs in these globes may be elevated, 
normotensive, or even hypotensive. Primary glaucoma asso- 
ciated with goniodysgenesis and primary glaucoma in dogs 
associated with open angles are inherited developmental 
anomalies of dogs. However, goniodysgenesis should be 
regarded as a focal anterior segment dysgenesis, and it is not 
the etiology of the primary glaucoma but a marker for this 
disease. Mice are particularly prone to congenital glaucoma 
associated with anterior segment dysgenesis that occurs 
spontaneously with variable incidence among strains. Exper- 
imental glaucoma models can also be induced with specific 
teratogens, and glaucomas of variable pathogeneses have 
been described in transgenic strains. 

Persistent pupillary membranes are incomplete atrophy of 
the perilenticular vasculature (Figs. 8.41, 8.43). These remain 
as pigmented strands that arise and insert on the iris collarette 
and may span the pupil. If the membrane inserts on the lens or 
cornea, it is not only persistent but dysplastic as well. In nor- 
mal development, such relationships do not occur. This condi- 
tion is common and, in some breeds of dogs, an inherited 
congenital condition.'* Horses are perhaps the most com- 
monly affected animal, and iris-to-iris persistent pupillary 
membranes are present in most if not all horses. 

Uveal hypoplasia is also a common anomaly. All animals 
with poorly pigmented uvea have a hypoplastic vascular tunic 
in their eyes. The extreme of this hypoplasia is albinism in 
which all the uvea pigment is missing. The mildest form is 
focal hypoplasia of the uvea. When this focal hypoplasia 
involves the irides, the condition is termed heterochromia. 
The tapetum is usually poorly developed or absent. Iridal 
aplasia, or aniridia, is a congenital anomaly in horses and is 
occasionally encountered in other species. 

Collie eye anomaly is an inherited congenital condition in 
Collie dogs. Ophthalmic and gross examination will reveal a 
variety of ocular anomalies, including microphthalmia, 
choroidal hypoplasia that is focal and located temporal to the 
optic disc, and peripapillary colobomata and scleral ectasia, 
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Figure 8.42. A. Congenital glaucoma in a llama (Llama glama). Note the microphakia, corneal striae, and dilated pupil. (Reprinted with permission, Cullen 
CL, Grahn BH. Congenital glaucoma in a llama (Llama glama). J Vet Comp Ophthalmol 1997;7:253-257.) B. Subgross section of the same eye. Note the 
buphthalmia, uveal hypoplasia, and mild optic disc cupping. The microphakic lens was removed from the anterior chamber during sectioning. (Periodic acid- 


Schiff stain, original magnification 2X.) 


Figure 8.43. Iris-to-iris persistent pupillary membranes in a dog. These 
hollow mesenchymal tubes originate near the iris collarette and may bridge 
the pupil and insert on the iris leaflet or the anterior lens capsule. (Hema- 
toxylin and eosin stain, original magnification 100X.) 


and retinal detachment. Light microscopic examination will 
confirm the focal choroidal hypoplasia, which manifests with 
thinning and hypopigmentation (Fig. 8.44), optic nerve and 
peripapillary colobomata, and scleral ectasia and staphyloma. 
When the retina is detached focally or entirely, the outer seg- 
ments and inner segments will be degenerate, and when the 
detachment is chronic, the outer and inner nuclear and plexi- 
form layers will also be atrophied. The RPE will be hyperplas- 
tic, pigmented, and hypertrophied juxtaposed to the areas of 
retinal detachment. 


Figure 8.44. Collie eye anomaly with choroidal hypoplasia, retinal 
detachment, and peripapillary coloboma. 


Persistent hyperplastic primary vitreous (PHPY), persist- 
ent hyperplastic tunica vasculosa lentis (PHTVL), and patent 
hyaloid artery (PHA) are disorders that involve retention and 
persistence of vascular supply to the lens (Fig. 8.45). During 
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Figure 8.45. A. Spherophakia and persistent hyperplastic primary vitreous in a dog. B. Persistent hyperplastic primary vitreous in a dog. (Hematoxylin and 


eosin stain, original magnification 2X.) (Slide courtesy of Brian Wilcock.) 


ocular development, the hyaloid artery extends from the optic 
disc to the lens and anastamoses with a capillary net from the 
anterior uvea (tunica vasculosa lentis). During normal devel- 
opment in domestic animals, these vessels atrophy and only 
focal remnants remain (Bergmeister’s papilla, Mittendorf’s 
dot). Retention of these vascular nets is often an incidental 
unilateral or bilateral idiopathic congenital condition, 
although PHPV and PHTVL are inherited congenital condi- 
tions in Doberman dogs, Staffordshire Terriers, Blood- 
hounds, and Miniature Schnauzer dogs.'*3?> The light 
microscopic anomalies of PHPV (actually a misnomer: it is 
metaplastic as well) include retention of multiple blood ves- 
sels and primitive perilenticular mesoderm and neurocrest 
cells in a core that extends from the optic disc to the posterior 
lens capsule (Fig. 8.45B). The lens often has an associated 
cataract, and the posterior lens capsule is usually thickened 
with spindle cells and melanocytes. The posterior lens cap- 
sule is occasionally incomplete, and vessels and fibrous and 
pigmented tissues extend into the posterior lens cortex. The 
light microscopic finding with patent hyaloid arteries are 
similar; however, they are milder and include only patent 
blood vessels that extend from the optic disc to the posterior 
lens capsule. Occasionally, choristomatous cartilaginous or 
adipose tissue may be encountered. The light microscopic 
findings of PHTVL are similar, but the majority of vessels 
and pigment from neurocrest and mesodermal tissues extend 
from the iris around the lens and anastomose with the 
retained primary vitreous core and extend to the optic disc. 
Persistent pupillary membranes, PHA, PHTVL, and PHPV 
may be referred to individually or collectively as persistent 
embryonic vasculature (PEV). 

Congenital anomalies of extraocular muscles are rare 
in animals. The clinical manifestations are often a bilateral 


strabismus. The neurologic system is usually intact and nor- 
mal. The affected extraocular muscles are either hypoplastic 
or more commonly misplaced, and their insertions are incon- 
sistent with the other extraocular muscles, a malalignment 
that induces the strabismus. Congenital strabismus is often an 
incidental syndrome that involves one or several siblings, and 
the histology of the affected muscles has not been reported. 


Defective Surface Ectoderm Differentiation 


The corneal epithelium, lens, eyelids, and adnexal are derived 
from surface ectoderm. Congenital anomalies in these loca- 
tions, although not rare clinically, are seldom examined by the 
pathologist because the clinical diagnosis is usually obvious. 
Eyelid colobomata, micropalpebrae, and macropalpebrae are 
examples of such, and they may accompany other ocular 
anomalies, including microphthalmia, entropion, and ectro- 
pion. These congenital anomalies occasionally cause irritation 
of the cornea and conjunctiva secondary to trichiasis. Colobo- 
mata and micropalpebrae are examples of defective ectoder- 
mal induction and differentiation. 

Anomalies involving the cilia and tarsal glands of dogs are 
commonly diagnosed by ophthalmologists and are seldom 
examined histologically. Ectopic cilia, distichiae, and dis- 
trichiasis develop because of dysplasia of the tarsal glands 
(Fig. 8.46). They may manifest as congenital or developmen- 
tal anomalies, and they may be inherited in some dogs. Trichi- 
asis and trichomegaly are similar congenital anomalies of the 
eyelids that occur because of misdirected normal hair follicles 
and excessively large cilia respectively. Unless they induce 
corneal or conjunctival irritation, they are not significant. 

Lacrimal gland and duct aplasia or hypoplasia are potential 
etiologies for congenital keratoconjunctivitis sicca. This is an 
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Figure 8.46. Multiple dysplastic eyelid tarsal glands with ectopic cilia in a 
dog. Note the multiple ectopic cilia present on the palpebral conjunctival 
surface. The yellow swollen tarsal glands are chalazion. 


uncommon congenital anomaly that is rarely if ever examined 
histologically. Ipsilateral micropalpebral fissure is a common 
association. Congenital lacrimal gland disorders may develop 
because of a lack of induction of the gland, or secondary to 
duct atresia, or a lack of neurogenic stimuli. 

Punctal, canalicular, and nasolacrimal duct atresia are also 
seen in dogs,*° camelids, cattle, and horses occasionally, but 
histologic examination of these tissues is not reported. The 
clinical manifestation is epiphora, and the etiology is atresia. 
Occasionally, ectopic and-supernumerary nasolacrimal duct 
openings are noted in cattle, horses, and dogs. The etiology is 
usually unknown, and the pathogenesis is thought to be a lack 
of canalization of surface ectoderm into a patent duct. 

Dacryops, canaliculops, and orbital cysts are uncommon 
congenital anomalies of dogs, cats, and horses.*’** These 
cysts arise from abnormal development of the lacrimal glands, 
glands of the third eyelid, and nasolacrimal drainage ducts and 
canaliculi. The clinical manifestation is a tumor in the perioc- 
ular tissue in the first months of life. Light microscopic 
examinations of these anomalies are similar and include a 
thin-walled cuboidal epithelium surrounding a serous to hem- 
orrhagic fluid (Fig. 8.47). 

Dermoids are congenital lesions of the cornea, conjunctiva, 
and eyelid. Dermoids are choristomas that are misplaced nor- 
mal tissues (Fig. 8.48). They most likely develop because of 
defective induction or differentiation of surface ectoderm. 
Corneal and conjunctival dermoids are commonly removed 
when trichiasis induces ocular irritation. Histologic examina- 
tion reveals stratified and squamous epithelium that is kera- 
tinized and variably pigmented. The associated dermis 
contains sebaceous and sweat glands, adipose tissue, and hair 
follicles (Fig. 8.48B). Occasionally, cartilage and bone are 
encountered. The edges of the dermoid blends into the corneal 
and conjunctiva epithelium and stroma. 

Microcorneas and macrocorneas are uncommon clinical 
entities that have no apparent histologic abnormality. Their 
clinical significance is limited, and the etiology is likely 


Figure 8.47. Dacryops in a dog. Note the glandular structure and ducts 
that are reminiscent of lacrimal tissue. (Periodic acid-Schiff, original magni- 
fication 200X.) 


defective induction. Congenital corneal opacities are fre- 
quently diagnosed in domestic animals; however, they are 
seldom examined histologically. Those that involve the 
endothelium and are white or pigmented are often remnants of 
the embryonic vasculature (see earlier discussion of persistent 
pupillary membranes). Transient subepithelial opacities are 
frequently seen in puppies. The etiology and histologic 
appearance are unknown. Rarely, the differentiation of cornea 
and sclera is indistinct, and the limbus is misshapen. These 
congenital defects are not significant and are rarely examined 
histologically. These anomalies most likely arise from defec- 
tive ectodermal differentiation. 

Congenital anomalies of the lens include cataracts, aphakia, 
microphakia, spherophakia, lenticonus, and lenticular coloboma 
(Fig. 8.49). These disorders may be isolated anomalies, but they 
are commonly associated with anterior segment dysgenesis, 
congenital glaucoma, and anomalies of the embryonic vascula- 
ture. Most if not all of these anomalies develop secondary to 
defective induction and differentiation of surface ectoderm. 

Cataracts are the most common congenital lenticular 
anomaly. The light microscopic manifestations are lens 
fiber—protein alteration, fiber cell membranolysis, and lens 
epithelial cell dysplasia or metaplasia, hypertrophy, posterior 
migration, and occasionally mineralization (Figs. 8.13 and 
8.50). Congenital cataracts may be unilateral or bilateral and 
may be the only anomaly of the lens; however, many are asso- 
ciated with microphakia, lenticonus and spherophakia, and 
anterior segment dysgenesis. 

Aphakia is complete absence of a lens, and it is a rare 
anomaly.’ The lack of differentiation of a lens from surface 
ectoderm does occur (Fig. 8.51). Occasionally, in conjunction 
with congenital glaucoma or anterior segment dysgenesis, the 
ophthalmologist is unable to detect a lens. However, most of 
these globes have a small lens embedded within the sclera, 
cornea, or anterior uvea, and careful sectioning and histologic 
examination will identify a part of a lens capsule, lens epithe- 
lium, and dysplastic lens fibers (Fig. 8.51). 
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Figure 8.48. A. A corneal dermoid in a puppy. B. Histologic section of the same corneal dermoid of the dog after keratectomy. Note the dermal compo- 
nents including hair, sebaceous glands, fat, and keratinized and pigmented epithelium. (Hematoxylin and eosin stain, original magnification 200X.) 


Figure 8.49. Gross hemisection of a rabbit globe. Note the posterior 
lenticonus in this gross specimen. 


Microphakia is common in most domestic animals. This 
congenital anomaly is commonly associated with congenital 
cataracts and often as part of anterior segment dysgenesis or 
congenital glaucoma (Fig. 8.42A). Most microphakic lenses 
are not examined histologically. Lens measurement either in 
the clinic using ultrasound or following intracapsular extrac- 
tion using calipers confirms a small lens. Many breeds of dogs 
with microphakia also have microphthalmia, and the condi- 
tion is bilateral and is often inherited. 

Spherophakia is an uncommon congenital anomaly that 
manifests with a round lens in contrast to the normal ellipsoid 
shape. This is readily apparent on gross and histologic exami- 
nations. Spherophakia is most often caused by lack of devel- 
opment of the embryonic lens, which is sphere shaped, and 
further development was most likely arrested. Spherophakic 


Figure 8.50. A histologic section of the posterior lens capsule and sub- 
capsular cortex of a lens with a mature cataract. Note the posterior migra- 
tion of the lens epithelium and metaplastic lens epithelium (bladder cells). 
(Hematoxylin and eosin stain, original magnification 400X.) (Reprinted with 
permission, Kuiken T, Grahn BH, Wobeser G. Pathology of ocular lesions in 
free-living moose (Alces alces) from Saskatchewan. J Wildlife Dis 
1997;33:87-94. 


lenses are smaller than normal lenses. This anomaly may 
manifest as a unilateral or bilateral disorder. While it may be a 
singular anomaly, most commonly it is one of the multiple 
lesions of anterior segment dysgenesis or congenital glau- 
coma (Fig. 8.42A). Cataracts may be present with this anom- 
aly, and many cases of spherophakia have circumferential lens 
epithelium consistent with posterior migration of lens epithe- 
lium and failed differentiation of the primary lens fiber cells. 
Lenticonus is an uncommon anomaly in animals. It is a 
misshaped lens, and it may manifest as a posterior or more 


Figure 8.51. Histologic section of a cornea of a puppy with congenital 
glaucoma and aphakia and multiple ocular anomalies. Note the periodic 
acid-Schiff-positive basement membrane of varied thickness embedded in 
the corneal. The epithelial cells within the membrane were reminiscent of 
lens epithelium, although misplaced corneal endothelium and Descemet's 
membrane is also a consideration. Incomplete lens separation and devel- 
opment is a common accompaniment to congenital glaucoma and multiple 
ocular anomalies in many animals. (Periodic acid-Schiff stain, original 
magnification 200X.) 


rarely an anterior capsular anomaly. Posterior lenticonus is 
often associated with the developmental condition of persist- 
ent embryonic vasculature and is the manifestation of poste- 
rior capsule dysplasia. Anterior lenticonus is most often 
associated with anterior segment dysgenesis and occasionally 
congenital glaucoma and reflects delayed separation of the 
lens vesicle from surface ectoderm. When these anomalies are 
examined with light microscopy, the lens capsule is distorted 
in either an anterior or posterior direction, and subcapsular 
cataract is usually present. When the condition is associated 
with developmental anomalies of the vitreous, a posterior 
retrolental fibrovascular membrane is present, the posterior 
lens capsule is often incomplete, and these abnormal tissues 
extend into the lens cortex (Fig. 8.45). Lenticular colobomata 
are actually pseudocolobomata, as they occur secondary to 
zonular aplasia of the lens. These are rare anomalies that man- 
ifest as an equatorial lens flattening where the zonulae are 
absent (Fig. 8.52). Other than the misshapen equator, lens 
morphology is normal. If multiple colobomata are present 
around the lens equator, lens subluxation may develop due to 
lack of zonular support. The light microscopic findings with 
this disorder may include focal zonular aplasia associated 
with ciliary body coloboma. 


Inherited Developmental Disorders 


Inherited ocular disorders of dogs, cats, and laboratory 
rodents are common and only occasionally diagnosed in 
horses and cattle. Inherited disorders may be congenital 


Chapter 8: Fundamentals of Veterinary Ophthalmic Pathology e 377 


Figure 8.52. Aclinical photograph of a lenticular coloboma in a dog. Note 
the flattened equatorial region and lack of zonulae in this area and the gen- 
eralized nuclear and focal cortical cataracts. 


(manifest at birth) or developmental (manifest postnatally). 
Inherited developmental disorders manifest variably from the 
first few months of age to later in life. This inconsistency in 
the age of initial presentation has led to considerable 
confusion in the classification of inherited congenital develop- 
mental disorders, inherited breed-specific developmental 
disorders, and some acquired ocular conditions. Inherited 
congenital disorders are categorized in the previous section. 
These lesions are identifiable at birth or at eyelid opening and 
therefore are easily classified as congenital. 

However, it is critical for the ophthalmologist and the 
pathologist to differentiate inherited developmental disorders 
from acquired disorders. To accurately diagnose inherited 
ocular developmental disorders, the ophthalmologist and 
pathologist require knowledge of breed predispositions, ages 
of onset, clinical manifestations, and a thorough understand- 
ing of ocular pathology. For example, the differentiation of 
glaucoma secondary to primary lens luxation from primary 
glaucoma and buphthalmos with a secondary lens luxation 
can be very challenging for the novice pathologist. However, 
an accurate diagnosis is critical to the ophthalmologist advis- 
ing the owner of the breeding animal. This is an important part 
of veterinary ocular pathology that has commanded only mar- 
ginal documentation in veterinary ophthalmic pathology ref- 
erences. We emphasize the histologic features and the signs 
and clinical manifestations that aid in differentiating these 
conditions from acquired ocular disorders. 

To consider a condition inherited, a breed predisposition 
should be noted. Occasionally, a sex predisposition is also 
present. To confirm that a condition is inherited, it needs to be 
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reproduced by test breeding and confirmed by histology. 
A pedigree analysis will usually document the mode of inheri- 
tance. Finally, examination of DNA, RNA, and proteins at a 
molecular level are required to document the mutation induc- 
ing the anomaly and then the pathogenesis of the condition 
can be gradually unraveled and completely documented. Oph- 
thalmologists have been categorizing many disorders as inher- 
ited on the basis of breed predisposition and pedigree analysis 
where the basic molecular research is still lacking. As further 
research is completed, many new inherited developmental 
conditions will be documented. We have limited our descrip- 
tions to inherited developmental disorders that have a unique 
breed predisposition, a consistent bilateral clinical manifesta- 
tion, and histologic examination findings most consistent 
with genetic etiology. These inherited disorders of the eye 
include dysplasias, dystrophies, atrophies, and some immune- 
mediated and degenerative disorders. Some of these disorders 
affect other ocular tissues and induce inflammation, especially 
when they are chronic, and they are easily misdiagnosed as 
acquired ocular disorders. These developmental anomalies are 
most common in dogs and laboratory rodents. They are occa- 
sionally reported in cats and other species and involve all ocu- 
lar tissues. We have categorized these by the tissues affected. 
Where multiple breeds within the species manifest with simi- 
lar disorders, we have summarized the data into tables. 


Developmental Orbital, Eyelid, Third Eyelid, 
and Lacrimal Disorders 


Inherited development conditions of the orbital tissues in 
animals have not been reported. However, shallow orbits, and 
large eyelid fissures predominate in brachycephalic dogs, 
have a multifactorial inheritance, and predispose to keratitis 
and conjunctivitis and occasionally ocular proptosis. The clin- 
ical manifestations of the secondary corneal disease induced 
by the shallow orbits, large eyelid fissures, and exposure are 
common clinical disorders, but they are seldom examined his- 
tologically. When the cornea and conjunctiva are examined 
histologically, chronic inflammation, scarring, and pigmenta- 
tion are expected. Proptosed globes induce significant orbital 
cellulitis and extraocular myositis. As the lesions become 
chronic, lymphocytic plasmacytic cellulitis and scarring of 
orbital tissues will be noted on light microscopic examination 
of orbital biopsies. 

Extraocular myositis of Golden Retriever dogs, 
eosinophilic masticatory myositis of German Shepherd dogs 
and Weimaraners, and craniomandibular osteopathy of West 
Highland White and Scottish Terriers are bilateral, immune- 
mediated, predominantly breed-specific conditions that may 
have a genetic etiology or predisposition. Reproduction of 
these disorders with test breeding or pedigree analysis of 
related dogs has not been reported. Eosinophilic myositis 
and extraocular polymyositis are confirmed by biopsy and 
light microscopic examination, which reveals eosinophilic 
(Fig. 8.53) and lymphocytic plasmacytic myositis respectively 


during the acute stages of the disorders. When the myositis jn 
either disorder is chronic, nonspecific fibrosis and atrophy of 
the affected muscles are present when biopsies are examined, 
The pathogenesis of both disorders is largely unknown. Anti- 
bodies against 2M muscle fibers have been detected, although 
the etiologies remain unknown. Craniomandibular osteopathy 
is a proliferative idiopathic mandibular bone disorder of West 
Highland White Terriers and Scottish Terriers. The diagnosis 
is based on clinical signs and confirmed with radiographic 
identification of proliferative mandibulopathy. Occasionally, 
exophthalmos and temporal muscle atrophy are present; 
hence, the ophthalmologist diagnoses and manages some of 
these dogs. Biopsies of affected bones are not required to 
diagnose the condition, and the etiology and pathogenesis 
remains unknown. 

Inherited developmental eyelid conditions are common in 
dogs and include entropion, ectropion, distichiasis, trichia- 
sis, and ectopic cilia. Fortunately, they are diagnosed clini- 
cally, and the pathogenesis involves abnormalities in eyelid 
fissure length, associated eyelid muscles, and adnexa. The 
light microscopic findings of secondary conjunctivitis and 
keratitis are due to exposure secondary to the primary eyelid 
anomaly. 

Inherited developmental disorders of the third eyelid of 
dogs are also common and include prolapsed glands of the 
nictitating membrane and keratoconjunctivitis sicca. The 
diagnosis of these is also clinical, and histologic examination 
is not usually required. The pathogenesis of third eyelid gland 
prolapse includes a suspected lack of ligamentous attachment 
to the third eyelid cartilage. Secondary lymphocytic plasma- 
cytic adenitis and conjunctivitis are noted histologically on 
biopsies of prolapsed glands or lacrimal gland biopsies. 

Immune-mediated lacrimal gland and nictitans gland atro- 
phy are common and likely inherited in several breeds of dogs, 
including American Cocker Spaniels and American Bulldogs. 


i 
od 


Sale E> 


Figure 8.53. Extraocular myositis in a young Golden Retriever. There are 
dense infiltrations of lymphocytes and plasma cells within the rectus 
muscles. (Hematoxylin and eosin stain, original magnification 100X.) 


The lacrimal gland atrophy induces the keratoconjunctivitis 
sicca. The histologic findings of lacrimal gland biopsies 
include a diffuse lymphocytic glandular infiltrate with loss of 
acini and glandular atrophy.“ The lack of tear film induces 
multiple secondary nonspecific corneal and conjunctival 
changes, such as ulcerative keratitis or nonulcerative keratitis 
with mixed inflammatory cell infiltrate, including neutrophils, 
lymphocytes and plasma cells. The epithelium will be 
hyperplastic and may be keratinized and pigmented when the 
condition is chronic. 


Inherited Corneal, Conjunctival, and Sclera Disorders 


Corneal stromal dystrophies are inherited stromal metabolic 
defects that induce the accumulation of lipid extracellular 
and intracellular in many breeds of dogs between 6 months to 
5 years of age (Figs. 8.8 and 8.54).'*44® The light micro- 
scopic findings are subtle and easily missed. Small spherical 
to elliptical clefts are detected between the collagen fibers in 
the superficial and midstroma, less commonly in the deep 
stroma of the cornea. Stromal keratocytes in affected corneas 
may appear degenerate, necrotic, or normal. Frozen sections 
of affected cornea that are stained with lipid stains, including 
oil red O, reveal the extracellular and intracellular lipid accu- 
mulations. Special fixatives that preserve the lipid accumula- 
tions also allow routine histologic sectioning and staining to 
identify these deposits. The mutations responsible for the 
many types of corneal dystrophy in dogs and cats are 
currently unknown. The pathogenesis involves a metabolic 


Figure 8.54. Histologic section of a cornea of a young American Cocker 
Spaniel diagnosed with inherited corneal dystrophy. A band of subepithelial 
clefts are present where lipid was present. The lipid has leached out of the 
clefts during processing, and this anomaly is easily mistaken for artifactual 
corneal stroma; however, the clefts are symmetric and larger than the arti- 
factual separations of fixation. (Periodic acid-Schiff stain, original magnifi- 
cation 50X.) 
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defect in the stromal keratocytes, which induces the intracel- 
lular and extracellular lipid accumulation. 

Corneal endothelial dystrophy is an inherited condition, 
which may be sex linked in the Boston Terriers.*?°° Several 
other breeds of dogs may also be affected with this condition, 
including the Poodle, Chihuahua, Shih Tzu, and others 
(Fig. 8.55A).'* The histologic features include atrophy of the 
corneal endothelium, corneal stromal and epithelial edema, 
and ulceration, vascularization and scarring. The Manx cat is 
also affected by an inherited endothelial dystrophy that, unlike 
affected dog breeds, which manifests late in life; affected 
Manx cats develop corneal edema at 4 to 5 months of age." 
The pathogenesis is poorly understood and appears to involve 
endothelial apoptosis that allows the pressure gradient of IOP 
to overwhelm the remaining endothelial pump function, and 
corneal decompensation and edema develop. The edema often 
begins in the paracentral or temporal areas and progresses 
across the entire cornea. The histologic features include exten- 
sive corneal edema, detected by the presence of intra- and 
intercellular edema and subepithelial bullae, thickening of the 
corneal stroma with dampening of tinctorial quality, and 
notable decreases in common artifactual fixation—induced 
intercollagenous clefts, thickening of Descemet’s membrane, 
and depletion and flattening or metaplasia of endothelial cells 
(Fig. 8.55B). Ulceration, subepithelial pigmentation, stromal 
scarring, and vascularization are advanced changes. Gutatta, 
the hallmark of Fuch’s endothelial dystrophy in humans, has 
not been documented in the dog. 

Corneal subepithelial dystrophy is also known as epithelial 
erosion syndrome and superficial punctuate keratopathy. This 
condition is likely inherited in the Shetland Sheepdog and is 
occasionally diagnosed in other dog breeds.'4 The pathogene- 
sis of this subepithelial dystrophy is largely unknown but 
appears to involve a metabolic defect that induces a lipid 
deposit around the epithelial cells. This condition manifests 
with focal corneal rings and spots with associated corneal ero- 
sions and ulcers. Histologic examination reveals corneal ero- 
sions and ulcers, vascularization, scarring, and dyskeratotic 
and degenerate corneal epithelium. 

An inherited bilateral corneal epithelial basement mem- 
brane dystrophy is diagnosed in Boxer dogs.” Surgical 
keratectomies are occasionally submitted for histologic exam- 
ination. The light microscopic findings on these submissions 
include corneal ulceration and associated edema and occa- 
sional neutrophil infiltration into the stroma. The epithelium is 
often nonadherent at the periphery and is elevated off the 
stroma. A clear acellular band is usually present in the superfi- 
cial stroma (Fig. 8.56). The pathogenesis is poorly understood 
and may be the result of a lack of hemidesmosomes and an 
accumulation of basement membranelike material.’ 

Chronic superficial keratitis (pannus) is a bilateral, sym- 
metrical inflammatory keratitis that is inherited in the German 
Shepherd and several other large-breed dogs.'* The clinical 
manifestations of focal temporal limbal or generalized 
vascularized and pigmented keratitis are pathognomonic and 
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Figure 8.55. A. Clinical photograph of a dog after a corneal transplantation. Note the central clear button and the peripheral diffuse corneal edema sec- 
ondary to corneal endothelial degeneration. B. A biopsy of the corneal button after penetrating keratoplasty and corneal transplantation of the dog in A. Note 
the fibrous metaplasia of the corneal endothelium (Periodic acid-Schiff stain, original magnification 300X.) 


Figure 8.56. An indolent corneal ulcer in a Boxer dog. Note the epithelial 
nonadherence, irregular thickened basement membrane, corneal edema, 
and relatively acellular subepithelial stromal layer. (Hematoxylin and eosin 
stain, original magnification 200X.) 


histologic examination is seldom completed. When the cornea 
is examined histologically, there is edema, vascularization, 
pigmentation, and mineralization (Fig. 8.57). The inflamma- 
tory cell infiltrate is mixed and includes lymphocytes and 
plasma cells that often line up in the superficial stroma. 
Ligneous conjunctivitis is an idiopathic, perhaps inherited 
conjunctivitis of Doberman Pinscher dogs.™ The clinical pres- 
entation is dramatic with proliferative conjunctivitis and ocu- 
lar discharge. Biopsies examined with light microscopy reveal 
an amorphous conjunctival hyaline-like membrane in the sub- 
stantia propria and diffuse lymphocyte infiltration. The sur- 
face of the conjunctiva is often encased in purulent debris and 
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Figure 8.57. Chronic superficial keratitis (pannus) in a dog. This is non- 
specific keratitis with epithelial hyperplasia, pigmentation, undulating 
epithelial basement membrane, and stromal vascularization and scarring. 
(Hematoxylin and eosin stain, original magnification 100X.) 


fibrin (Fig. 8.58). The pathogenesis is unknown and is specu- 
lated to be immune mediated. 

Nodular episcleral keratitis is a bilateral inflammatory cor- 
neoscleral disorder unique to the Collie dog.°>°® The clinical 
manifestations include bilateral, nodular, pink tumors that 
commonly develop near the temporal limbus (Fig. 8.59A). 
Excisional biopsies submitted for light microscopic examina- 
tion reveal a diffuse mixed inflammatory infiltrate with lym- 
phocytes, plasma cells, macrophages, and fibroblasts 
(Fig. 8.59B). The pathogenesis is unknown and assumed to 
be immune-mediated on the basis of the response to immune 
modulators. The etiology is also unknown. However, because 
it is a unique bilateral condition of Collie dogs, it may be 


Figure 8.58. Ligneous conjunctivitis in a Doberman Pinscher. Note the 
conjunctivitis and fibrinous conjunctival discharge and adherent mem- 
branes. (Photo courtesy of Dr. Lynne Sandmeyer.) 


inherited. Bilateral episcleritis is also diagnosed commonly in 
American Cocker Spaniels. The diagnosis is confirmed with 
light microscopic examination of biopsies, which reveal a dif- 
fuse mixed inflammatory cell infiltrate that targets the episcle- 
ral tissues similarly to nodular episcleral keratitis in Collie 
dogs. The etiology and pathogenesis remains unknown and is 
assumed to be immune-mediated on the basis of response to 
immune suppression and the cellular infiltrate noted histologi- 
cally. Given the increased frequency of diagnosis of this bilat- 
eral condition in American Cocker Spaniels, a genetic 
etiology may be considered. 


Inherited Developmental Glaucoma 
Open-Angle Glaucoma of Beagle Dogs 


Primary open-angle glaucoma is an inherited autosomal- 
recessive condition in the Beagle dog.*’ This disorder man- 
ifests with increased IOP, corneal edema, buphthalmos, and 
blindness between 2 and 4 years. The mutation responsible for 
the development is unknown, and the pathogenesis is poorly 
understood. The glaucoma may be associated with gly- 
cosaminoglycan (GAG) accumulation around the pectinate 
ligaments in the ciliary cleft. The filtration angle is open and 
appears normal early in the disease. Light microscopic exami- 
nation of enucleated globes reveals ganglion cell and nerve 
fiber layer degeneration and optic nerve cupping due to axon 
loss, and in chronic glaucoma, the inner plexiform and inner 
nuclear layers are degenerate. With time, the entire retina will 
be reduced to a glial scar. The filtration angle will become 
recessed and appear narrow in the chronic stages of the dis- 
ease as buphthalmos develops. 


Primary Glaucoma and Goniodysgenesis in 
Purebred Dogs 


Primary glaucoma associated with goniodysgenesis is the 
most common of the developmental glaucomas of purebred 
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Figure 8.59. A. Nodular episclerokeratitis in a young Collie dog. B. Epis- 
cleritis is a mixed inflammatory infiltrate with lymphocytes, plasma cells, 
and macrophages. (Hematoxylin and eosin stain, original magnification 
400X.) 


dogs.°! It is reported in American Cocker Spaniels, Bouvier 
des Flandres, Siberian Huskies, Bassett Hounds, Shar Pei, and 
many other breeds of dogs and is most likely inherited in all 
breeds affected, although the disorder is difficult to reproduce. 
The gross clinical manifestations of acute primary glaucoma 
include corneal edema and conjunctival and episcleral con- 
gestion. The onset of glaucoma is variable, and many affected 
dogs are middle-aged to older. This is a malignant form of 
glaucoma that is very difficult to treat, and many eyes are enu- 
cleated or eviscerated because of blindness and lack of 
response to most therapies. 
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There has been considerable confusion regarding the 
classification of open and closed angles in veterinary medi- 
cine in recent years. To clarify this, an angle is closed when 
peripheral anterior synechiae, or the base of the iris, swells 
over the filtration angle and occludes it. Goniodysgenesis is an 
open angle with a lack of development of the uveal meshwork. 
Goniodysgenesis is caused by failed rarefaction of primitive 
uveal neurocrest tissues that span the filtration angle that 
normally occurs shortly after birth. The histologic confirma- 
tion of goniodysgenesis includes nodular thickening of 
Descemet’s membrane, thickened and shortened pectinate lig- 
aments, and an accompanying periodic acid-Schiff—positive 
basement membrane material within the trabecular meshwork 
(Figs. 8.60 and 8.61). Goniodysgenesis is only a marker for 
the idiopathic glaucoma in the previously mentioned dog 
breeds. Once primary glaucoma has been diagnosed in one 
eye, the contralateral eye will usually develop primary glau- 
coma within months. However, goniodysgenesis has little pre- 
dictive value. Many dogs with goniodysgenesis never develop 
glaucoma. 

Light microscopic examination of eyes with primary glau- 
coma and goniodysgenesis reveals a spectrum of intraocular 
pathology depending on the length of time that the glaucoma 
has been present before the eye is enucleated or eviscerated. 
Acute (<4 days) histologic lesions include corneal edema, 
mixed inflammatory neutrophil infiltrations in the trabecular 
meshwork, pigment dispersion within the anterior segment, 
and retinal degeneration that includes loss of ganglion cells, 
nerve fiber layer, and focal full-thickness retinal necrosis.°* 
Chronic primary glaucoma associated with goniodysgenesis 


is manifested histologically by optic nerve degeneration, 
retinal degeneration, uveal atrophy, pigment dispersion 
preiridal fibrovascular membranes, corneal degeneration ae 
ulceration, striae, lens luxation, cataract formation, and buph- 
thalmos and scleral thinning (Figs. 8.9 and 8.62). 


Melanocytosis of Dogs 


Melanocytosis, also known as pigmentary glaucoma, pig- 
mentary dispersion and glaucoma syndrome, is most likely 
an inherited, intraocular melanocytic proliferation disorder 
of the Cairn Terrier.™ Recently, this syndrome has also been 
reported in the Boxer and Golden Retriever dogs.© Occa- 
sionally, melanocytosis develops as a unilateral condition in 
dogs other than Cairn Terriers. Melanocytosis induces sec- 
ondary glaucoma by dispersion of pigment, melanocytes, 
and pigment-laden macrophages in the anterior uvea, filtra- 
tion angle, and ciliary body and choroid. The light micro- 
scopic examination reveals a diffusely thickened anterior 
uvea with a normal-appearing population of melanocytes, 
and macrophages laden with pigment (Fig. 8.63). These cells 
and pigment accumulate throughout the uvea, anterior and 
posterior chambers, vitreous, and into the filtration angle, 
around the episcleral-collecting veins, and within the epis- 
cleral tissues. Accompanying secondary ocular pathology 
includes retinal, uveal, and vitreous degeneration consistent 
with sustained glaucoma. The etiology and pathogenesis are 
unknown, and melanocytosis is categorized in this section 
because most cases are bilateral and the condition predomi- 
nates in middle-aged Cairn Terriers. 


Figure 8.60. Schematic illustrations of the spectrum of irregular thickening, fimbriation, scrolling, and extension of Descemet’s membrane that commonly 


occur in the syndrome of goniodysgenesis and primary glaucoma in dogs. 


Figure 8.61. Goniodysgenesis in an American Cocker Spaniel. The 
pectinate ligament is shortened and thickened, and the termination of 
Descemet’s membrane is fimbriated. (Hematoxylin and eosin stain, original 
magnification 200X.) 


Figure 8.62. Retinal degeneration consistent with chronic glaucoma. 
Note the loss of nerve fiber, ganglion cell, and inner plexiform layers. In 
addition, the inner nuclear layer and outer plexiform layers are reduced, 
and centrally there is a focal full-thickness retinal degeneration and two 
hyperplastic retinal pigment epithelial cells. (Hematoxylin and eosin stain, 
original magnification 300X.) 


Primary Glaucoma in Rabbits 


The New Zealand white rabbit is subject to a recessively inher- 
ited goniodysgenesis that manifests early in life as buphthal- 
mos, a result of the elasticity of the thin lapine corneosclera. 
Interestingly, because the rabbit lacks a lamina cribrosa, it is a 
good model to compare and contrast mechanisms of posterior 
segment changes associated with elevated IOP. 


Inherited Developmental Lenticular Disorders 


Inherited developmental lenticular disorders include lens lux- 
ations and cataracts. These are most common in the dog.' 
Inherited lens luxations are limited to a few breeds of dogs, 
including the Terrier breeds, German Shepherd, Border Col- 
lie, Shar Pei, and Tibetan Terrier. ”° The clinical diagnosis of 
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Figure 8.63. Ocular melanocytosis in a Cairn Terrier. Note the heavily 
pigmented irides and ciliary body with extension of pigment into the episcle- 
ral tissues around the aqueous collecting veins and choroid. Glaucoma was 
present prior to enucleation and confirmed with light microscopic examina- 
tion of the retina and optic nerve. (Hematoxylin and eosin stain, original 
magnification 2X.) 


lens luxation is relatively easy and is confirmed by biomicro- 
scopic confirmation of lens dislocation and zonular rupture. 
However, confirmation of the etiology (i.e., inherited [pri- 
mary] versus secondary to glaucoma and buphthalmos or 
uveitis and secondary zonular degeneration) is more diffi- 
cult.°”7! Recently, light microscopic examination of Terrier 
breeds and Shar Pei dogs with zonular dysplasia confirmed 
distinctive lamellar and cross-hatched patterns, and strong 
periodic acid-Schiff and Mason’s trachoma staining and nega- 
tive elastin staining.” The mutations responsible for zonular 
dysplasia and the pathogenesis remain unknown. Uveitis, sec- 
ondary glaucoma, cataracts, and vitreous and retinal degener- 
ation are common with chronic anterior or posterior primary 
lens luxation and confirmed with light microscopy. 

In contrast, inherited cataracts may develop in most, if not 
all, purebred dog breeds.'4 Genetic mutations for all cataracts 
remain unknown, and the diagnosis of most inherited cataracts 
occurs after biomicroscopic examination that documents the 
breed-specific bilateral cataract morphology and age of onset. 
The gross appearance of cataracts is limited to white opacifi- 
cation of the lens. Light microscopic examination of inherited 
cataracts in all animals reveal nonspecific findings, including 
liquefaction of lens fibers, lens epithelial hyperplasia, meta- 
plasia, and migration, which occur in diabetic, traumatic, 
nutritional, and toxic cataracts (Figs. 8.64 and 8.65). The 
pathogenesis of cataract formation despite varied etiologies is 
limited to protein, metabolic, and fluid abnormalities. 


Inherited Development Retinal and Vitreous Disorders 


Inherited retinopathies are common in dogs, cats, and rodents, 
and they are only occasionally diagnosed in other animals. We 
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Figure 8.64. Liquefaction of the anterior subcapsular cortex confirming 
anterior cortical cataract. (Hematoxylin and eosin stain, original magnification 
200X.) 


Figure 8.65. Posterior lens cortex liquefaction and lens epithelial migra- 
tion. (Hematoxylin and eosin stain, original magnification 200X.) 


limit our discussion to those of the dog and cat because most 
of the gross, light, and electron microscopic changes are simi- 
lar in all animals. Progressive retinal atrophy (PRA) is a col- 
lective term that includes an aggregate of multiple genetic 
defects in the dog and cat that manifest clinically in a similar 
fashion. These include photoreceptor dysplasias (red, red2, 
rd, erd), rod cone degenerations (pred, xlpra), cone degenera- 
tion (cd), congenital stationary night blindness (csb), rod cone 
dysplasia in Abyssinian cats (Rdy), and rod cone degeneration 
in Abyssinian cats (rdAc). All of these conditions are inherited 
as autosomal-recessive conditions except X-linked PRA in 
Siberian Huskies. All the clinical diagnoses can be confirmed 
with scotopic and photopic electroretinography by 18 months 
of age. The onset of clinical signs (nyctalopia, day blindness, 
retinal atrophy) is quite variable, manifesting between 
6 months and 8 years of age.” Retinal pigment epithelial dys- 
trophy’? and multifocal retinopathies’~’* have unique clinical 
features and are discussed separately. 


PRA in Dogs Some of the genetic mutations that induce PRA 
have been identified, and because they are known, the patho- 
genesis at a cellular level can be confirmed. Despite the diver- 
sity of unique mutations for PRA, the clinical findings and 


gross and light microscopic findings are similar. Clinical man-. 


ifestations of PRA include retinal atrophy and attenuation of 
retinal blood vessels. These are progressive and usually 
develop at the periphery of the retina to progress over several 
months to years until the entire retina is atrophied. Light 
microscopic examination of affected eyes reveals outer and 
inner segment degeneration prior to maturation of these tis- 
sues at 8 weeks of age (photoreceptor dysplasias) and later in 
life for photoreceptor degenerations (Fig. 8.15). The photore- 
ceptor atrophy is accompanied by apoptosis of the outer 
nuclear and outer plexiform layers, and eventually the inner 
nuclear and inner plexiform layers. Several variations include 
rod dysplasias, rod-cone dysplasias, and cone dysplasias, 
Despite variations in the photoreceptor affected, light micro- 
scopic findings are similar, and with time the retina is reduced 
to glial scar. The RPE is marginally involved and mild hyper- 
trophy, hyperplasia, and metaplasia occasionally accompany 
the retinal degeneration. The RPE is partially responsible for 
phagocytosis of degenerating photoreceptors and neurons. 
With time, other ocular tissues are affected by the progressive 
retinal degeneration, including the vitreous, which degener- 
ates and liquefies. Clumped collagen strands will be floating 
in liquid vitreous in the dependent posterior segment. Asteroid 
hyalosis is a common accompaniment also. Asteroid bodies 
are acellular, light purple, dense vitreous structures composed 
of lipid mineral concretions when examined by light 
microscopy. The lens is also affected, and subcapsular lique- 
faction and bladder cells and posterior migration of metaplas- 
tic lens epithelium are often present. These cataracts are 
usually extensive and commonly induce a mild to moderated 
lymphocytic plasmacytic uveitis. In addition, zonular degen- 
eration may be present and manifests grossly with an aphakic 
crescent and vitreous prolapse into the anterior chamber. 
Preiridal fibrovascular membranes are also occasionally noted 
in globes affected with chronic photoreceptor dysplasias. 
Similarly, secondary glaucoma may be noted in these globes. 
The histologic confirmation of chronic PRA is difficult 
because the complete retinal degeneration is nonspecific. The 
differential diagnoses that warrant consideration when diag- 
nosing PRA histologically include nutritional deficiencies 
(taurine, vitamin E, vitamin A), toxins (numerous drugs such 
as fluoroquinolones, aminoglycosides, and antimalarial), 
plant toxicoses (including Bracken fern [Pterdium sp.] and 
locoweed [Astragulus sp.]), light toxicity, radiation, sudden 
acquired retinal degeneration, and others (see acquired retinal 
diseases).”7-85 


PRA in Cats Three early-onset photoreceptor degenerations 
have been reported in cats: mixed breed retinal degenera- 
tion,®° Persian retinal degeneration,®’ and Abyssinian retinal 
dysplasia.***? Only the Persian retinal degeneration is an 
autosomal-recessive condition,®’ while the other two are 
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autosomal-dominant conditions.*°8 These three rod-cone 
degenerations all manifest with clinical signs (retinal degen- 
eration, tapetal hyperreflectivity, retinal vascular attenuation) 
within a few months of age. Light microscopic examination 
confirms both rod and cone degeneration that extends from 
the outer segment to the inner segment and gradually through 
all the layers of the retina. The Abyssinian cats with photore- 
ceptor dysplasia fail to develop rod and cone outer segments, 
there is incomplete synaptogenesis, and degeneration begins 
near the central retina and progresses to the periphery by 
about 7 months. Eventually, the RPE, choriocapillaris, and 
tapetum also atrophy. 

A late-onset autosomal-recessive photoreceptor degenera- 
tion is also reported in Abyssinian cats.”°! Light microscopic 
examination reveals disorientation of the rod outer segments 
initially, then degeneration of the outer segment in affected 
cats at approximately 6 months of age. Over the next year, the 
rods, their axons and associated nuclei, and axons in the outer 
plexiform, inner nuclear, and inner plexiform layers degener- 
ate (Fig. 8.66). The cones remain normal till the affected cats 
are 2 to 3 years of age. 


Retinal Pigment Epithelial Disorders At least two inherited 
retinal degenerations have been linked to the RPE: congenital 
stationary night blindness in Briard dogs””” and retinal pig- 
ment epithelial dystrophy as reported in several breeds of 
dogs.°*°> In addition, multifocal serous retinal detachments 
are inherited in Great Pyrenees, Coton de Tulear, and Mastiff 
dogs’*7° and are most likely directly related to mutations that 
alter retinal pigment epithelial function. 


Figure 8.66. Transmitting electron micrograph of the retina of a 6-month- 
old Abyssinian cat with progressive retinal degeneration. Note the degener- 
ating outer and inner segments of the photoreceptors (Magnification 
4000X.) (Micrograph courtesy of Kristina Narfstrom.) 
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Congenital Stationary Night Blindness in Briard Dogs 
Congenital stationary night blindness has been reported in the 
Briard dog. This disorder is a slowly progressive blinding 
disorder caused by a mutation in the RPE 65 gene. The gross 
manifestations include retinal atrophy. Light microscopic 
abnormalities include apoptosis and degeneration of the pho- 
toreceptors and a progressive loss of the nuclear and plexiform 
layers and retinal pigment epithelial vacuoles and pigmentation. 


Central Retinal Atrophy Central retinal atrophy is a rare dis- 
order of dogs in North America, and multiple etiologies have 
been reported, including genetic mutations and nutritional 
deficiency of vitamin E.°°!° Some dog breeds manifest with 
central progressive retinal atrophy resulting from mutations 
that alter vitamin E metabolism.””!” These defects induce 
lipofuscin accumulation in the RPE. The outer segment 
degeneration is slow and progressive between 2 and 6 years of 
age. The hallmark histologic finding is lipofuscin accumula- 
tion within the RPE and degeneration of the outer and inner 
segments, and if chronic, the outer and inner nuclear and 
associated plexiform layers will also be degenerate. Unlike 
progressive retinal atrophy and photoreceptor dysplasias, sec- 
ondary intraocular diseases such as cataracts and vitreous 
degeneration are uncommon with central retinal atrophy. 


Multifocal Retinopathies in Dogs Multifocal retinal detach- 
ments most likely develop secondary to retinal pigment 
epithelial dysplasias that affect RPE function. These disorders 
are inherited in the Great Pyrenees, Coton de Tulear, and Bull 
Mastiff dogs. They manifest as bullous retinal detachments at 
approximately 11 to 17 weeks (Fig. 8.67). There is progres- 
sive enlargement of most focal retinal and RPE detachment 


Figure 8.67. Inherited multifocal retinopathy of a Great Pyrenees dog. 
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and development of new lesions until the affected dogs are 
approximately 6 to 10 months of age. Light microscopic 
examinations confirm multifocal bullous retinal detachments 
with associated retinal pigment epithelal hypertrophy, hyper- 
plasia, and pigmentation (Fig. 8.68). In addition, there are 
focal areas of degeneration of the outer nuclear and plexiform 
layers associated with each detachment. The RPE also devel- 
ops focal detachment from Bruch’s membrane (Fig. 8.69). 
The mutations responsible for and the pathogenesis of these 
multifocal anomalies are unknown. 


Inherited Choroidal and Vitreous Anomalies Inherited dis- 
orders of the choroid and vitreous are uncommon, and reports 
are limited to the dog and cat. Inherited tapetal anomalies have 


Figure 8.68. Retinal pigment epithelial hypertrophy, vacuolation, and 
pigmentation that developed near the edge of a focal inherited retinal 
detachment in a Great Pyrenees dog. (Toluidine blue stain, original magnifi- 
cation 300X.) 
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Figure 8.69. Histologic section of the retina of a 4-month-old Great Pyre- 
nees dog with inherited multifocal retinopathy. Note the focal retinal and 
retinal pigment epithelial detachments. (Hematoxylin and eosin stain, origi- 
nal magnification 200X.) (Reprinted with permission, Grahn BH, Philibert 
H, Cullen CL, Houston DM, Schmutz S. Multifocal retinopathy of Great 
Pyrenees. Vet Ophthalmol 1999;1:211-221.) 


been reported in Beagles!®'!? and cats!!: multifocal 
choroidal retinopathy has been reported in Borzoi dogs': and 
although no published reports are available, inherited vitreous 
degeneration is suspected in Whippets, Italian Greyhounds, 
and other dogs. 


Tapetal Degeneration in Dogs and Cats Inherited tapetal 
degeneration in Beagles is an autosomal-recessive condition 
in which the number of tapetal cells is normal at birth. The 
clinical manifestations include loss of the normal reflective 
tapetum due to progressive degeneration. This degeneration 
begins at approximately 2 months after birth, and by about 
3 months, the tapetal cells have lost all their rodlets and are 
packed with membranous inclusions, 10-10? 

A similar disorder develops in Siamese cats with Chediak- 
Higashi syndrome. The tapetum in these cats is also normal at 
birth and is completely degenerate by 2 months of age when 
the eyes are examined with light microscopy. Macrophages 
are absent in both of these disorders. 109-104 


Borzoi Chorioretinopathy Multifocal choroidal retinal lesions 
have been reported in Borzoi dogs (Fig. 8.70A).!4!0-!°7 The 
lesions have been reproduced in test-bred Borzoi dogs, 
although the mode of inheritance is unknown.'® Initial reports 
speculated that this disorder was part of PRA.!°%!°7 PRA has 
been excluded as part of this disorder by electroretinography 
and light microscopy.!% The light microscopic findings of Bor- 
zoi retinopathy include focal choroidal atrophy, loss of chorio- 
capillaris, focal hypertrophy and pigmentation of the RPE, and 
focal degeneration of associated photoreceptors (Fig. 8.70B). 


Vitreous Degeneration Vitreous degeneration is suspected to 
be an inherited condition in Whippets and Italian Greyhounds 
given the development of syneresis and prolapse of tendrils of 
degenerate vitreous into the anterior chamber in young dogs 
(6 months to 4 years of age). Light microscopic diagnosis of 
vitreous degeneration is nonspecific in regard to etiology, and 
the lesions are subtle. Thorough light microscopic examina- 
tion of the vitreous will reveal condensed vitreous fibers and a 
lack of fine fibrillary vitreous collagen and detachment of 
these condensed fibers from the inner limiting membrane 
(Fig. 8.71). Whether or not this condition is inherited is 
unknown at this time. 


Inherited Storage Disorders and Amino Acid and 

Lipid Peroxidation Disorders 

Metabolic storage diseases are uncommon. However, many of 
these have been investigated thoroughly in the research labora- 
tory as models for similar human disorders. These storage 
disorders are caused by genetic defects in metabolism and are 
generally the result of a deficient degratory pathway. These 
metabolic defects result in accumulation of complex lipids, 
glycoproteins, or polysaccharides within specific types of cell 
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Figure 8.70. A.A mature Borzoi dog with a characteristic lesion of Borzoi retinopathy. Note the focal hyperpigmented and hyperreflective lesions. B. Histo- 
logic lesion of Borzoi retinopathy. Note the retinal pigment epithelial hypertrophy, hyperplasia and pigmentation, and the outer and inner segment photore- 
ceptor degeneration and loss of outer nuclear, outer plexiform, and inner nuclear layers. Occasional mononuclear cells are present within this focal lesion. 
The retina on either side of this lesion was normal morphologically. (Toluidine blue stain, original magnification 400X.) 


Figure 8.71. Vitreous degeneration in a dog with secondary glaucoma 
and retinal detachment. The vitreous strands are congealed and therefore 
appear thickened and bunched together, and they are apposed to the inner 
limiting membrane of the ventral nontapetal retina. Plasma proteins are 
also present around the thickened vitreous tendrils. Note the characteristic 
retinal degeneration of the inner retina (glaucoma) and loss of photorecep- 
tors and outer nuclear layer (detachment). (Periodic acid-Schiff stain, origi- 
nal magnification 200X.) 


within the eye. These cells may include keratocytes, ganglion 
cells, and RPE. Histopathologic signs may be subtle when the 
sole diagnostic examination is light microscopy. These sys- 
temic metabolic conditions are best defined by histochemistry 
and transmission electron microscopy. The typical clinical 
presentation is that of a young animal with neurologic and fre- 
quently ocular signs. A variety of inherited developmental dis- 
orders that affect systemic lysosomal enzymes (gangliosidosis, 
mucopolysaccaridoses, mannosidosis), lipid peroxidation 
defect (neuronal ceroid lipofuscinosis), and amino acid metab- 
olism (ornithinuria) have been reported in several animals. 


Lysosomal Storage Disorders That Affect the Cornea 
and Retina Gangliosidosis (G,,, and G,,,) and mucopolysac- 
caridoses (MPSI, VI, VII) induce a cloudy cornea in affected 
cats. 08-112 Dogs with mucopolysaccaridoses types I and VII 
also manifest clinically with a cloudy cornea.!!*!'* Gan- 
gliosidosis has also been reported in cattle.!!>!!® Mannosido- 
sis has been reported in cats!” and in sheep and goats.!!8-1!? 
In all species affected by G,,, and G x» MPSI, VI, VII, and 
mannosidosis, the clinical signs are diverse and involve mul- 
tiple organ systems including the eyes. Cloudy corneas are a 
common clinical manifestation, which develops secondary to 
accumulation of glycosaminoglycans and glycoproteins 
within membranous inclusions in the corneal stromal kerato- 
cytes and endothelium. These inclusions will be noted on 
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light and electron microscopy. Similarly, these metabolic 
by products will accumulate in the retina and RPE and affect 
their function and may induce blindness. These disorders are 
inherited as autosomal-recessive conditions, and they mani- 
fest clinically in the first few months of life. Neurologic dis- 
ease predominates and is progressive, and affected animals 
die at a young age. 


Fucosidisis Fucosidisis has been reported in English Springer 
Spaniels with alpha-L-fucosidase deficiency and manifested 
histopathologically as vacuolated ganglion cells, astrocytes, 
and RPE. Affected dogs were visually impaired and exhibited 
generalized progressive neurologic disease.!°'?! This condi- 
tion is inherited as an autosomal-recessive condition. 


Amino Acid Metabolic Disorders Ornithinuria is an inher- 
ited disorder in the cat associated with a deficiency of 
ornithinuria transferase.!*” The clinical manifestation is bilat- 
eral retinal atrophy that occurs in older cats. The histopatho- 
logic lesion is generalized and includes retinal, retinal 
pigment epithelial, and choriocapillaris and choroidal atrophy. 
Choroidal vascular atrophy is the unique histologic finding 
with this disorder. The diagnosis is confirmed by documenting 
elevated levels of ornithine in the urine or plasma. 


Lipid Peroxidation Defects Neuronal ceroid lipofuscinoses 
are inherited autosomal-recessive conditions in dogs and 
cats,!2-!27 cattle,!78 sheep,!2?!3° and goats.!?! Decreased per- 
oxidase activity is associated with the development of ceroid 
lipofuscinosis. Clinical manifestations include blindness and 
mental deterioration, seizures, ataxia, and tremors. Stacked 
membranous inclusions in RPE (Fig. 8.72) and ganglion cells 
are noted with light and electron microscopy and are 
associated with visual and ophthalmoscopic abnormalities 
noted. These are progressive neurologic diseases that lead to 
paralysis and death. 


ACQUIRED OCULAR DISORDERS 


The pathology of acquired ocular disorders is diverse. We have 
categorized this section into noninfectious ocular disorders, 
infectious ocular disease, and neoplasia. Within these categories, 
we have subcategorized disorders by the specific tissues affected 
and generally when all ocular tissues are affected. 


Noninfectious Inflammatory Ocular Disease 
Ocular Trauma 


Traumatic disease is almost always accompanied by inflam- 
mation; the importance of the posttraumatic inflammatory 
component in relation to the damage created directly by the 
trauma and the outcome varies from insignificant (uncompli- 
cated traumatic hyphema) to greatly important (phacoclastic 
uveitis following lens capsule rupture). Mechanical trauma 
includes accidental perforating and penetrating wounds of 
the globe, with or without the introduction of microbes and 


Figure 8.72. These cytoplasmic inclusions are characteristic of neuronal 
ceroid lipofuscinosis. (Courtesy of Kristina Narfstrom.) (Micrometer bar = 
0.2mm.) 


Figure 8.73. This cat eye sustained penetrating trauma. Note the thin, 
discontinuous sclera with the uveal plug, the ruptured lens, and major dis- 
ruption of the intraocular contents. 


foreign bodies; contusion injuries; and surgical trauma. Physi- 
cal trauma includes chemical and thermal burns and those 
changes induced by electromagnetic radiation. 

A penetrating wound is one that extends only partway 
through the tissue of reference; a perforating wound has both an 
entrance and exit site in the tissue of reference (Figs. 8.73 and 
8.74). Thus, a perforating injury to the cornea may be either a 
penetrating wound in the globe, depending whether or not it is 


accompanied by a scleral perforation as well. With either, the 
sudden decompression of the globe leads to a breakdown of the 
blood—ocular barrier and protein exudation into the extracellu- 
lar fluid compartments—the paracentesis effect—which is 
largely prostaglandin mediated. Uveal tissue is drawn into the 
defect with inflammatory exudates (Fig. 8.75), which it may 
effectively seal; if not (dependent largely on size), extrusion of 


Figure 8.74. Plant foreign bodies within the vitreous of this dog’s eye. 
Spear grass seeds will occasionally penetrate the sclera and induce a ful- 
minant endophthalmitis. 


Figure 8.75. Endophthalmitis and scleral perforation in a dog with pene- 
trating trauma and septic endophthalmitis. Note the streaming of inflamma- 
tory exudates through the choroidal and scleral perforation. (Hematoxylin 
and eosin stain, original magnification 200X.) 
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lens, vitreous, and retina may follow. Shearing of the ciliary 
vessels as they pass from sclera to choroid may occur with 
expulsive subchoroidal hemorrhage that hastens the extrusion 
of globe contents. 

While small hemorrhages usually resorb without signifi- 
cant sequelae, large and recurrent hemorrhages may be a 
stimulus for synechiae and membranogenesis as they organ- 
ize; they can lead to hemoglobin-staining of the cornea in the 
presence of endothelial compromise and elevated IOP; and 
they can leave behind hemosiderin and cholesterol residues. 
The specific lesions that may be related to both concussive 
and penetrating/perforating wounds are listed in Table 8.4. 


Table 8.4 Ocular Lesions Associated with Accidental or Surgical 
Trauma 


Tissue Lesions 


Orbit Edema, hemorrhage 
Orbital bone fractures 

Adnexa Edema, hemorrhage 

Laceration 

Globe Corneoscleral perforation 


Epithelial of fibrous ingrowth 
(late) 


Erythema, chemosis, and 
hemorrhage 


Conjunctiva 


Laceration 
Cornea Epithelial erosion 


Blood-staining (with 
hyphema, endothelial 
damage, elevated IOP) 

Penetration/perforation 

Anterior uvea Hyphema 

Trabecular fracture 

Iris sphincter muscle rupture 
lridodialysis 


Iridoschisis (separation of 
pigmented epithelium) 


Post-contusion angle 
deformity 


Cyclodialysis 
Lens Capsular rupture 


Luxation/subluxation with 
zonular disinsertion 
Cataract 
Vitreous Detachment 
Prolapse (if zonules ruptured) 


Hemorrhage (from retinal 
vessels) 
Retina Edema 
Hemorrhage 
Necrosis 


Tear/peripheral dialysis 


Optic nerve Avulsion 
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Acquired Orbital Disorders 
Idiopathic Orbital Inflammatory Syndrome 


Historically described in the ophthalmic pathology of 
humans literature as pseudotumor, this poorly defined 
process has been described and probably does occur in ani- 
mal species, albeit rarely; by definition, it is a benign non- 
granulomatous, noninfectious inflammatory process. It is 
characterized by a diffuse lymphocytic plasmacytic orbital 
cellulitis when biopsies are examined with light 
microscopy. 


Orbital Cellulitis Abscess 


Orbital cellulitis/abscess is most commonly seen in young, 
growing dogs related to sharp foreign bodies that penetrate the 
oral cavity behind the upper last molar teeth. Occasionally, the 
foreign body penetrates the orbit through the conjunctiva or 
eyelids, or it migrates, as is the case with porcupine quills. 13? 
The injury sometimes results from sepsis extended into the 
orbit from surrounding tissues (orbit, nasal, or sinus cavi- 
ties),'** or, in the case of hedgehogs, it is self-inflicted.!* 
Occasionally, fine-needle aspirates and orbital biopsies are 
submitted for examination and to confirm the diagnosis of 
orbital cellulitis. During the acute stage, the inflammatory cell 
infiltrates are neutrophilic. With time, the infiltrate becomes 
more mixed, with macrophages, lymphocytes, and plasma 
cells predominating. 


Extraocular Myositis 


While the orbit may be involved secondarily in eosinophilic 
myositis of the masticatory muscles (Fig. 8.53) (initially 
with exophthalmos related to compression of the orbital 
contents, and chronically with enophthalmos caused by 
atrophy of orbital and masticatory tissues), extraocular 
myositis is likely a primary perhaps inherited condition of 
the orbit and masticatory muscles.'*> Occasionally, other 
breeds of dogs are affected.'*° The orbital tissues are 
edematous and infiltrated diffusely with lymphocytes and 
plasma cells. Muscle degeneration is seen initially, with 
muscle atrophy the sequelae in chronic, uncontrolled cases. 
Other breeds, notably the Shar Pei, may be affected unilat- 
erally or bilaterally (see previous discussion of inherited 
developmental orbital disorders). 


Orbital Cysts 


Cysts in or around the orbit are occasionally removed and 
submitted for histologic examination.!°”!*8 The diagnosis is 
confirmed by light microscopic examination that reveals a 
thin, epithelial-lined, fluid-filled structure that likely origi- 
nates from the nasolacrimal, lacrimal, or other periocular 
tissue (Figs. 8.76 and 8.77). Zygomatic mucocoeles are also 
occasionally removed and submitted for light microscopy. 
The diagnosis is confirmed with light microscopic identifi- 
cation of cysts associated with the zygomatic salivary 
tissue. 


Figure 8.76. Lacrimal gland cyst lining. (Hematoxylin and eosin stain, 
original magnification 200X.) 


Foor Sook oS 
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Figure 8.77. Lacrimal gland cyst lining from a dog with attached lacrimal 
gland. (Hematoxylin and eosin stain, original magnification 200X.) 


Acquired Conjunctiva Disorders 

Conjunctivitis 

Conjunctivitis is characterized acutely by vascular dilation, 
edema, neutrophilic infiltration, and exudation (Fig. 8.78) 
manifested as ocular discharge. Pseudomembranes composed 
of necrotic cells, protein, and fibrin may form; true mem- 
branes result from epithelial necrosis, and removal results in 
an ulcerative, frequently hemorrhagic lesion (Fig. 8.58). With 
chronicity, the nature of the inflammatory infiltrate changes, 
and lymphoid follicles may form on the surface (Fig. 8.79). 
Although there are many primary etiologies for conjunctivitis 
in animals (bacterial, viral, parasitic, toxic, immune mediated, 
etc.), the light microscopic changes are generally nonspecific. 
Conjunctival biopsies are harvested to differentiate conjuncti- 
val neoplasms, eosinophilic conjunctivitis, and ligneous con- 
junctivitis and to assess goblet cells numbers. 


—Eigure 8.78. Acute conjunctivitis in a dog. Note the subepithelial conges- 
3n and neutrophil infiltration. (Hematoxylin and eosin stain, original magni- 
fication 200X.) 


Figure 8.79. Chronic conjunctivitis in a dog. Note the conjunctival epithe- 
lial exudates, hyperplastic epithelium, diffuse mononuclear cell infiltrate, 
and vascular congestion. (Hematoxylin and eosin stain, original magnifica- 
tion 200X.) 


Eosinophilic Keratoconjunctivitis in Cats 


Eosinophilic keratoconjunctivitis is an idiopathic, chronic 
ocular condition of cats (Fig. 8.22). This condition has been 
associated with Herpes felis infections.'**'*! The clinical 
manifestations include conjunctival hyperemia with multifo- 
cal white to yellow granular foci. The diagnosis is confirmed 
with light microscopic examination of biopsies confirming a 
mixed inflammatory infiltrate with eosinophils predominating 
and a mix of lymphocytes, plasma cells, and mast cells. 
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Lipogranulomatous Conjunctivitis 


Nodular white cystic masses have been reported on the con- 
junctival surfaces of cats.'?'3 The light microscopic findings 
include lipogranulomas with giant cells, macrophages, and a 
sparse number of neutrophils and lymphocytes. The condition 
is idiopathic and assumed to be related to tarsal gland rupture. 


Miscellaneous Conjunctival Disorders Including Goblet 
Cell Atrophy, Conjunctival Overgrowth, and Conjunctival 
Sequestrums 


Deficiency of tear film mucin has been reported in both dogs 
and cats.'**"'4° The clinical manifestations include indolent 
corneal ulcers, nonspecific conjunctivitis, and keratitis. The 
light microscopic examination of bulbar conjunctival biopsies 
reveals reduced numbers of goblet cells in all quadrants and a 
mild, nonspecific lymphocytic plasmacytic conjunctivitis 
(Fig. 8.80). Periodic acid-Schiff-stained sections facilitate 
goblet cell assessment, and ratios of goblet cells to basal 
epithelial cells have been reported by quadrant.'4>!46 

Conjunctival overgrowth is an unusual idiopathic condition 
of rabbits that manifests clinically with a proliferative con- 
junctival growth that develops circumferentially across the 
cornea (Fig. 8.81A). Light microscopic findings include a nor- 
mal-appearing conjunctival epithelium that extends across the 
cornea (Fig. 8.81B). The epithelium on the leading edges of 
the overgrowth and the cornea are occasionally noted to be 
hyperplastic (Fig. 8.81B). A mild lymphocytic plasmacytic 
cell infiltrate is present and is considered not significant. 

Rarely, conjunctival sequestrums in cats are diagnosed. 
These sequestrums are similar histologically to corneal 
sequestrum; the section “Corneal Sequestrae” provides a more 
complete description. 


Keratitis 


Inflammatory disease of the cornea can be most meaningfully 
classified as either ulcerative or nonulcerative and superficial 
or deep (interstitial). 


Nonulcerative Keratitis 


Acute inflammation is characterized by edema associated with 
loss of epithelial integrity and neutrophilic infiltrate from 
the conjunctiva via the tear film or migration from scleral 
and episcleral vessels. With chronicity, the nature of the 
infiltrate changes, neovascularization from limbal blood 
vessels occurs, and scarring and epithelial pigmentation may 
develop (Figs. 8.82 and 8.83). 

Occasionally, corneal epithelium will become displaced by 
trauma into the corneal or conjunctival stroma and rarely into 
the eye (Fig. 8.84A). The epithelium will then grow and 
become trapped. Its continual growth results in an inclusion 
cyst with keratin debris being continually deposited in the 
center of the cyst. The diagnosis is made by light microscopic 
confirmation of an epithelial lined cyst within the cornea 
(Fig. 8.84B) or the presence of epithelium growing across 
intraocular surfaces. 
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(a) 


(b) 


Figure 8.80. A. A conjunctival biopsy from the conjunctival fornix of a normal cat. (Periodic acid-Schiff stain, original magnification 50X.) B. A conjunctival 
biopsy from a cat with goblet cell atrophy. Compare this photo with an age-matched control cat (A). (Periodic acid-Schiff stain, original magnification 50X.) 
(Reprinted with permission, Cullen CL, Njaa BL, Grahn BH. Ulcerative keratitis associated with qualitative tear film abnormalities in cats. Vet Ophthalmol 


1999;2:197-204.) 


Figure 8.81. A. Conjunctival overgrowth in a rabbit. B. Histologic appearance of conjunctival overgrowth in a rabbit. Note the exuberant growth of a leaf of 
conjunctiva over the cornea, and the hyperplastic corneal epithelium and conjunctival epithelium at the edge. (Hematoxylin and eosin stain, original magnifi- 


cation 100X.) 


Ulcerative Keratitis 


It is also useful to classify ulcerative keratitis as simple, indo- 
lent, and complex. Simple ulcers are focal, and they are sel- 
dom examined histologically unless they are incidental to 
another globe-threatening disorder. The histologic findings 
include superficial corneal ulceration and an associated edema 
and sparse neutrophil infiltrate. Indolent corneal ulcers are 
best categorized as primary (idiopathic) or secondary to a 
known cause, such as tear film abnormality, conjunctival or 
eyelid foreign body, or cilia, or they may be inherited (see 
“Inherited Developmental Disorders”) (Fig. 8.56). The histo- 
logic features of indolent corneal ulcers are similar despite the 
varied etiologies and include nonadherent epithelial margins, 


stromal edema and mild inflammatory cell infiltrate, and a 
dense, pale staining acellular zone in the superficial stroma 
under the ulcer (Fig. 8.56). Complex corneal ulcers are deep 
stromal ulcers that may be infected (Fig. 8.85A). They typi- 
cally involve collagenolysis and loss of stroma, and infectious 
agents may be identified with special stains (Fig. 8.85B). 


Episcleritis and Scleritis 


Inflammation of the sclera and epicslera may be classified by 
location (anterior or posterior), diffuse or nodular, and granu- 
lomatous or nongranulomatous. Episcleritis is clinically and 
histologically categorized into bilateral nodular disorder of 
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Figure 8.82. Chronic keratitis in any species can induce chronic changes 
in the cornea to the extent that the cornea begins to resemble skin. The 
epithelium thickens and pigments. There are multiple squamous eddies, 
which are foci of dyskeratosis. The underlying stroma is fibrotic. (Hema- 
toxylin and eosin stain, original magnification 100X.) 


Figure 8.83. Pigmentary keratitis is common in small brachycephalic 
dogs. It develops in a medial to temporal progression, and light microscopy 
will reveal epithelial and subepithelial melanocyte hypertrophy and hyper- 
plasia as well as subepithelial scarring and vascularization. (Hematoxylin 
and eosin stain, original magnification 400X.) 


(a) 


(b) 


Figure 8.84. A. A corneal epithelial inclusion cyst in a Miniature Poodle. B. Histologic section of the same corneal epithelial inclusion cyst. Epithelial inclu- 
sion cysts are an epithelial-lined space that contains epithelial debris. (Hematoxylin and eosin stain, original magnification 100X.) 


Collie dogs (see “Inherited Developmental Disorders,” Fig. 
8.59A and B), a unilateral or bilateral diffuse superficial epis- 
cleritis (Fig. 8.86) and scleritis, and necrotic scleritis (Fig. 
8.87). Specific morphologic and cellular differences are noted 
in these conditions. 14718 


Scleritis typically is characterized by macrophages pal- 
isading about degenerating collagen fibrils and may be 
accompanied by discrete uveal granulomas or extend to 
involve adjacent uvea in a diffuse inflammatory process. Scle- 
ral necrosis (degeneration is a more appropriate term) and 
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(b) 


Figure 8.85. A. Collagenolysis of the cornea in a dog. Note the large, deep ulcer with mucopurulent stream of liquefied collagen extending of the ventral 
edge. B. Histological section of a melting corneal ulcer in a dog. Note the lack of corneal epithelium, neutrophil infiltration throughout the corneal stroma, and 
loss of stroma secondary to collagenolysis. (Hematoxylin and eosin stain, original magnification 250X.) 


Figure 8.86. Focal episcleritis lesion in an American Cocker Spaniel. 
Note the mixed inflammatory infiltrate that includes lymphocytes, plasma 
cells, macrophages, and occasional neutrophils. Plump, proliferating fibrob- 
lasts are also present. (Hematoxylin and eosin stain, original magnification 
400X.) 


malacia with perforation may occur and when present con- 
firms the diagnosis necrotic scleritis (Fig. 8.87B). The major- 
ity of cases are immune-mediated processes localized to the 
eye—that is, not associated with systemic collagen-vascular 
disease. The diversity of clinical presentations, frequent uni- 
laterality, and variable response to treatment are difficult to 
explain in light of current understanding of etiopathogenesis; 


perhaps we are dealing with a spectrum of specific diseases 
that share similar clinical and histopathologic features. 


Acquired Inflammatory Uveal Disorders 


Lymphoplasmacytic uveitis is a common, nonspecific histo- 
logic diagnosis in animals, and establishing an etiologic diag- 
nosis can be difficult. The classic histologic features include 
diffuse or nodular infiltrates of lymphocytes and plasma cells 
in the anterior uvea (Fig. 8.88) and occasionally the posterior 
uvea (choroid). Less commonly, granulomatous uveitis will 
be diagnosed (Fig. 8.89). Several accompanying ocular disor- 
ders may be present, including glaucoma, ulcerative and 
nonulcerative keratitis, hyalitis, vitreous degeneration, and 
cataracts. Equine recurrent uveitis and feline lymphocytic 
uveitis are common idiopathic conditions. Equine recurrent 
uveitis (periodic ophthalmia) in its acute form manifests histo- 
logically as a predominantly lymphocytic anterior uveal and 
peripapillary choroidal infiltrate with exudation into the aque- 
ous and vitreous (Fig. 8.90). With chronicity and recurrence, 
crystallin protein inclusions may be seen ultrastructurally 
within the ciliary epithelium, and the basal layer of the 
inverted nonpigmented ciliary epithelial cells are enveloped 
by amyloid. An accompanying mononuclear perivascular 
infiltrate will be evident in uvea, retina, and optic nerve.'49!" 

In feline lymphoplasmacytic uveitis, two variants, one with 
and the other without anterior uveal lymphoid nodules, exist 
(Figs. 8.20 and 8.88).!5!-!>° These nodules are largely lympho- 
cytic without follicular differentiation. Many cases will 
demonstrate a granulomatous component with mutton-fat ker- 
atic precipitates that, with chronicity, can lead to endothelial 


(a) 
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Figure 8.87. A. Subgross section of a dog's globe with necrotizing scleritis. Note the extensively thickened sclera and eosin-stained patches characteris- 
tic of collagen degeneration. (Hematoxylin and eosin stain, original magnification 2X.) (Slide courtesy of Brian Wilcock.) B. Collagen degeneration that is 
characteristic of necrotic scleritis. Note the eosinophilic staining of the collagen fibers of the sclera and the lack of scleracyte nuclei and the bands of dark 
blue inflammatory cells near the edges. Examination at higher magnification revealed lymphocytes, plasma cells, macrophages, and occasional neutrophils. 


(Hematoxylin and eosin stain, original magnification 100X.) 


Figure 8.88. Lymphocytic plasmatic uveitis in a cat diagnosed with 
secondary glaucoma and idiopathic uveitis. (Hematoxylin and eosin stain, 
original magnification 250X.) 


damage and bullous keratopathy; however, epithelioid cells 
are rarely a prominent feature of the uveal infiltrate. Lym- 
phoid aggregates may obstruct the ciliary cleft and trabecular 
meshwork, and secondary glaucoma is common. Inflamma- 
tory cells and proteinaceous globules may localize retrolen- 
tally and within the peripheral anterior vitreous in a 
“snowbanking” effect; clinicians have erroneously described 
this condition as pars planitis or intermediate uveitis when in 
fact the pars plana is not involved in the inflammatory process; 
rather, the vitreous cells migrate from the retina where 
mononuclear perivascular infiltrates are common. The condi- 
tion may be unilateral or bilateral and has been associated 
with FIV, FHV-1, FeLV, toxoplasmosis, and bartonellosis, but 
many cases remain idiopathic and are presumed immune 
mediated in spite of exhaustive diagnostics. 


Bovine malignant catarrhal fever is characterized by the 
accumulation of lymphocytes and lymphoblasts within the 
subendothelial and adventitial regions of blood vessels with 
arterial, arteriolar, and venular necrosis and hemorrhage 
(Fig. 8.91). The lymphoid cells may have frequent mitoses. 
Conjunctiva, uvea, retina, and optic nerve meninges may be 
involved. The reaction has been classified as a type IV hyper- 
sensitivity reaction. 

Uveodermatologic syndrome is an immune-mediated 
condition of young dogs whose ophthalmic manifestations 
of severe and relentless granulomatous panuveitis may or 
may not be associated with whitening of the hair coat 
(poliosis), dermal depigmentation (vitiligo), and/or mucus 
membrane ulceration.!5>!54 Akitas, Siberian Huskies, and 
Samoyeds are predisposed. Dispersion and phagocytosis of 
melanin is a histologic feature of both dermal and ocular 
lesions, and if skin lesions are present, they can be biopsied 
to confirm the ocular diagnosis. Extensive granulomatous 
panuveitis and exudative retinal detachment are frequent 
presenting features, and glaucoma is a common blinding 
sequelae (Fig. 8.92). 


Lens-Induced Uveitis 


Phacolytic Uveitis Phacolytic uveitis manifests in two 
variants: a mild lymphoplasmacytic uveitis responsive to 
topical corticosteroids and a severe granulomatous anterior 
uveitis that is generally nonresponsive to even the most 
ageressive antiinflammatory therapy and requires lens 
removal to salvage the eye (Fig. 8.93).!°>°° The pathogenesis 
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Figure 8.89. A. Granulomatous panophthalmitis in cat. Note the predominance of large foamy macrophages in the episcleral tissues and within the 
choroid and scattered lymphocytes and plasma cells around episcleral and scleral vessels and within the choroid. (Hematoxylin and eosin stain original mag- 
nification 300X.) B. Confirmation of acid fast bacilli (ocular tuberculosis) in the same eye. Note the filamentous pink bacilli within the macrophages. (Fite’s 


stain, original magnification 300X.) 


Figure 8.90. Histologic section of acute equine recurrent uveitis. Note 
the infiltrate of neutrophils and lymphocytes into the ciliary process and vit- 
reous and fibrin accumulation. (Periodic acid-Schiff stain, original magnifi- 
cation 300X.) 


of both is likely similar; liquefied cataractous lens proteins 
leak through an intact capsule to initiate the inflammatory 
response. The light microscopic findings of the mild form 
include minimal anterior uvea lymphocytic plasmacytic 
infiltrate and a cataract. The granulomatous version also 
includes a cataractous lens; however, the uveitis is more 
severe and keratitic precipitates and plasmoid aqueous, and 
mixed inflammatory uveal infiltrates include macrophages, 
lymphocytes, and neutrophils. The reason for the difference is 
unknown; the granulomatous variant occurs most commonly 


Figure 8.91. Vasculitis in the retina of a cow with malignant catarrhal 
fever. (Hematoxylin and eosin stain, original magnification 250X.) 


in diabetic cataracts with a predisposition for Miniature 
Schnauzers. 


Phacoclastic Uveitis Phacoclastic uveitis is the granuloma- 
tous lens-induced uveitis that follows rupture of the lens cap- 
sule with resultant exposure of large amounts of lens protein 
(Figs. 8.94 and 8.95).!°° The capsular rupture can occur fol- 
lowing blunt or penetrating (including surgical) trauma or 
spontaneously with an intumescent cataract (usually diabetic), 
or it can be associated with infectious agents (Encepalitizoon 
caniculi in rabbits). The nature of the response is dependent 


Figure 8.92. Vogt Koyanagic Harada—like syndrome in a dog. Note the 
extensive choroiditis with lymphocytes plasma cells and macrophage that 
are targeting the choroidal melanocytes. The retina was detached, and the 
RPE is hypertrophied. (Hematoxylin and eosin, original magnification 
400X.) 


upon species, the age of the animal, the amount and nature of 
the lens protein exposed, the presence of concurrent microbial 
endophthalmitis, and duration. The resulting lesion represents 
a combination of the effects of the initial insult, the immuno- 
logic response to the released lens protein, a reparative 
fibrometaplastic proliferation of the lens epithelium, membra- 
nogenesis of proximal tissues, sepsis, and not infrequently 
secondary glaucoma (Figs. 8.94 and 8.95). The inflammatory 
response is zonal, being most severe at the site of capsular 
rupture; the edges of the ruptured capsule may be fimbriated, 
retracted, and/or coiled. Response in the dog eye is intense 
with a prominent neutrophilic component acutely; the inflam- 
mation can extend throughout the eye. The response of the 
rabbit eye to capsular rupture is localized, measured, and 
largely granulomatous, with the cat eye somewhere between. 
Spontaneous and small traumatic lens capsule ruptures in 
young animals of any species can occur without any inflam- 
matory response at all. 


Acquired Retinal Disorders 


Retinal Detachment The lateral junctions of the RPE (along 
with the tight endothelial junctions of the retinal vascular 
endothelium) form the posterior blood—aqueous barrier; when 
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Figure 8.93. The clinical manifestations of phacolytic uveitis in a dog are 
varied from mild uveitis with episcleral congestion to fulminant uveitis. Note 
the keratitic precipitates and hypopyon in this dog with fulminant phacolytic 
uveitis. 


Figure 8.94. Phacoclastic uveitis in a dog. Note the discontinuous lens 
capsule, keratitis, posterior and anterior synechiae, retinal detachment, and 
plasmoid aqueous and vitreous. These gross findings are usually synony- 
mous with penetrating ocular trauma. (Hematoxylin and eosin stain, original 
magnification 2X.) (Slide courtesy of Brian Wilcock.) 


compromised by inflammation or ischemia, the choroidal 
blood vessels will leak serous to protein-rich fluid, which will 
collect in the potential space between retina and RPE with 
resultant neurosensory retinal detachment (Figs. 8.2, 8.12, 
8.31, and 8.96). Separated from the nutrition of the 
choriocapillaris, the outer segments initially, with the 
photoreceptors themselves following, will atrophy. Exudative 
retinal detachment, then, is a nonspecific response to a variety 
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Figure 8.95. An equatorial lens capsule rupture in a dog. Note the discon- 
tinuous and coiled lens capsule, fibrous tissue that spans the capsular tear 
and envelopes the lens. (Periodic acid-Schiff stain, original magnification 
250X.) 


Figure 8.96. Exudative retinal detachment in a dog with Vogt Koyanagi 
Harada-like syndrome. Note the diffuse inflammatory infiltrate in the 
choroid and pars plana and the detached retina and retinal pigment epithe- 
lial hypertrophy. (Hematoxylin and eosin stain, original magnification 100X.) 


of (a) infectious or noninfectious inflammatory diseases of the 
posterior sclera and choroid or (b) ischemia of the RPE, as 
encountered in systemic hypertension or choroidal neoplasia 
with choriocapillaris obliteration. The neurosensory retina 
remains attached at the ora ciliaris retinae and the optic disc, 
with the fluid in the subretinal space varying from serous to 


protein-rich to hemorrhagic, with or without inflammatory 
infiltrates, dependent upon the cause and extent of the primary 
disease process. 

Rhegmatogenous retinal detachments develop secondary 
to holes or tears. Retinal tears develop secondary to trauma or 
involve vitreous traction bands (Figs. 8.5, 8.10, and 8.32), 
These detachments are often focal initially and then extend 
under the retina and eventually spread. The histologic lesion 
of retinal degeneration is similar to exudative detachments. 


Sudden Acquired Retinal Degeneration Syndrome (SARDS) 
SARDS is a unique retinal disorder in dogs, characterized 
clinically by its acute-onset, permanent blindness and its 
occurrence in middle-aged often overweight dogs. 157159 The 
light microscopic findings in SARDS is a generalized pho- 
toreceptor apoptosis, with minimal inflammation except a few 
macrophages that engulf the photoreceptor debris. The etiol- 
ogy and pathogenesis remain unknown. There is evidence that 
ongoing photoreceptor apoptosis occurs after blindness. !58 


Ocular Degenerative Diseases 


Let it clearly be stated from the outset that the topics covered 
in this section were selected somewhat arbitrarily, with 
nebulous overlap with the earlier section on congenital and 
inherited developmental diseases, which emphasized those 
disorders present at birth, and developmental conditions with 
an inherited basis. Degeneration is strictly defined as a deteri- 
oration of, relative to a tissue, a change to less actively func- 
tional form, without reference to cause. In some circles, the 
definition has been extended as a contrast to a dystrophic 
process, which generally has a genetic basis and occurs as a 
primary condition, usually early in life, while a degeneration 
occurs as a secondary manifestation of some primary disease. 
In this text, we define it broadly to include those diseases asso- 
ciated with a nutritional basis, toxic conditions, aging 
changes, changes that occur associated with systemic disease; 
and those diseases of unknown etiology that may be suspected 
to have a genetic basis but lack adequate scientific evidence 
and remain somewhat equivocal in regard to cause. Degenera- 
tive conditions are common and include orbital atrophy, 
corneal degeneration, cataract, secondary glaucoma, and vit- 
reous degeneration. 


Degenerative Orbit Disorders 


Enophthalmos secondary to atrophy of periorbital muscles/adi- 
pose tissue is a common sequel to chronic extraocular myositis 
and orbital cellulitis. Light microscopic examination reveals 
extraocular muscle fibrosis and adnexal atrophy and lympho- 
cytic orbital cellulitis. 


Degenerative Lacrimal Gland Disorders 


Lacrimal gland degeneration develops most commonly sec- 
ondary to immune-mediated or inflammatory adenitis and 


also toxins (Fig. 8.97). During the acute stages, lymphocytic 
infiltration of the gland is noted most commonly. When septic 
orbital cellulitis has involved the gland, neutrophils will pre- 
dominate (Fig. 8.97B). When the lesions are chronic, the 
glands will be atrophied and minimal inflammation is present. 
This loss of glandular tissue induces keratoconjunctivitis 
sicca. 0? 


Degenerative Corneal Disorders 


Several corneal degenerations are noted clinically and include 
pigmentary keratitis, corneal calcific degeneration (Fig. 8.98A), 
and corneal lipid degeneration (Fig. 8.98B) in dogs, horses, 
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and cats. All corneal degenerations are the product of chronic 
keratitis, and often the primary etiology is not evident. 


Corneal Sequestrae 


Corneal sequestrae are most commonly diagnosed in cats and 
occasionally in horses. In the cat, these are impressive black to 
brown corneal or occasionally conjunctival lesions, which are 
idiopathic. The histologic features are bland but pathogno- 
monic and include a loss of keratocytes and an amber-pink 
color on hematoxylin- and eosin-stained sections (Fig. 8.99). 
Periodic acid-Schiff stains will identify granules in the degen- 
erate keratocyte and suggest an autolytic process. The source 
of the brown color is debated and is most likely some stain and 


Figure 8.97. A. Normal canine lacrimal gland. Note the acinar structure and periacinar accumulation of lymphocytes and plasma cells. (Hematoxylin and 
eosin stain, original magnification 400X.) B. Lacrimal gland adenitis with neutrophil infiltration. (Hematoxylin and eosin stain original magnification 300X.) 


(b) 


Figure 8.98. A. Calcific corneal degeneration in a dog. Calcium is present and demonstrated as a granular subepithelial deposit. (Von Kossa stain, original 
magnification 250X.) B. Lipid corneal degeneration in a dog. Note stromal clefts where lipid was present before processing, the diffuse infiltration of lympho- 
cytes and plasma cells, and epithelial hypertrophy and undulating epithelial basement membrane. (Periodic acid-Schiff stain, original magnification 250 X.) 
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porphyrins.!©!¢! Although melanin has recently been 


suggested,'® there is minimal evidence at an ultrastructural 
level of melanosomes or their dispersed contents in sufficient 
quantity to account for the entire lesion. The etiology and 
the pathogenesis of these lesions remain unknown. When 
the lesions are chronic, light microscopy reveals vasculariza- 
tion and mild inflammatory infiltrates under the sequestrum 
(Fig. 8.99B). 


Uveal Atrophy 


Uveal atrophy is nonspecific and occurs secondary to chronic 
glaucoma, uveitis, and old age. The iris, ciliary body, and 
choroid are decreased in thickness secondary to a loss of 
pigment, smooth muscle, and vascular tissues. 


Degenerative Lenticular Disorders 


A basic discussion of cataractogenesis should reference the 
biochemical and metabolic changes that precede or accom- 
pany the morphologic changes that occur. Alterations in nutri- 
tion, metabolism, and osmotic balance can lead to alterations 
in cell membranes and/or proteins that define cataract. The 
lens consists predominantly of water and protein, with minute 
amounts of inorganic ions, organic phosphates, nucleic acid, 
and lipid. The proteins include the soluble crystallins, insolu- 
ble albuminoids, mucoproteins, and nucleoproteins. Differen- 
tiation of lens epithelial cells into lens fiber cells is a 
continuing process that occurs at the equator; this process, as 
well as transcapsular transport, is provided by Nat,K*- 
ATPase—dependent pump located within the lens epithelium. 
Oxygen needs are minimal, and anaerobic glycolysis, 
which converts glucose to lactic acid, provides most of the 


energy required. Glucose enters the lens by both diffusion ang 
facilitated transport; transport mechanisms play a role jp 
cation and amino acid influx as well. Alterations in substrate 
or enzymatic activity can alter the homeostatic equilibrium of 
the lens with increased hydration and associated protein alter- 
ations. Cataractogenesis is also associated with increases in 
lens glutathione, insoluble proteins, and hydrolytic enzymes, 
There is increasing evidence that oxidative damage is a com- 
mon final pathway for a variety of cataracts. 

The time frame of cataract development is large and 
includes congenital, developmental, and age-related factors. 
Other features facilitating classification include location, stage 
of development (incipient/immature/mature/hypermature), 
location within the lens, morphologic alterations, and etiology, 
While the pathologist strives for an etiologic diagnosis, the 
nonspecificity of cataract morphology frequently limits diag- 
nosis to morphologic description. Histopathologically, catarac- 
togenesis is manifested by a limited number of morphological 
alterations in the lens capsule, epithelial cells, and/or lens fiber 
cells, which represent the common end stage of a spectrum of 
diverse insults, be they genetic, traumatic, toxic, or secondary 
to ocular or systemic disease (Figs. 8.50, 8.100, and 8.101). 
The histopathologist can readily classify these changes by 
location and morphology but in the absence of other clues may 
be hard pressed to determine etiology. 

Distinction between artifact and real change may be chal- 
lenging, especially in regard to cortical alterations. The lens 
is dense and sequestered within the globe; thus, fixatives 
penetrate poorly, and shattering and fragmentation under the 
microtome blade occurs frequently. Both fixative and 
osmotic factors may distort size and shape and contribute 
to the appearance of vacuoles that resemble pathologic 
alterations. 


(a) 


(b) 


Figure 8.99. A. A feline corneal sequestrum that was removed many months after it was diagnosed. Note the characteristic amber color and acellularity of 
most of the sequestrum. (Hematoxylin and eosin stain, original magnification 50X.) B. The edge of the same sequestrum. There are many degenerating neu- i 
trophils invading the edge and several large colonies of bacteria present near the surface of this sequestrum. (Hematoxylin and eosin stain, original magnification i 
200X.) 


Figure 8.100. Fibrous metaplasia of lens epithelium that have migrated 
under the posterior lens capsule of a dog. (Periodic acid-Schiff stain, origi- 
nal magnification 100X.) 


Figure 8.101. A mature cataract is present in this sectioned dog’s eye. 


The capsular changes of delamination seen with heat 
and/or infrared exposure and pseudoexfoliation have not been 
described in animal eyes; however, anterior capsular thickness 
may increase in response to excess basement membrane pro- 
duction by stressed lens epithelial cells. Capsular opacifica- 
tion associated with persistence of the fetal vasculature and 
spontaneous congenital capsular rupture were discussed in the 
section “Congenital Disorders,” and the features of traumatic 
or spontaneous acquired capsular rupture in the section “Pha- 
coclastic Uveitis.” 

Lesions affecting the lens epithelium may involve the ante- 
rior or equatorial epithelial cells. These cells may demonstrate 
degeneration, fibrous metaplasia, posterior migration, hyper- 
trophy, and/or hyperplasia in response to disease (Figs. 8.50, 
8.100, and 8.101). Excess or ectopic basement membrane may 
be produced. Epithelial cells may transform from cuboidal to 
flattened fusiform cells, frequently forming a multilayered 
plaque; while fibrous in appearance by light microscopy, 
ultrastructurally these cells maintain intercellular macula 
adherens and are surrounded by basement membrane, main- 
taining characteristics of epithelial cells. When epithelial cells 
migrate posteriorly, they follow the posterior capsule where 
they may undergo metaplasia or migrate into the posterior 
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cortex where they hypertrophy, perhaps as an abortive attempt 
at repair, with production of lens proteins. These cells main- 
tain their nuclei and are known as bladder cells (Fig. 8.50). 

Cortical cataracts can be described by virtue of their loca- 
tion. By morphology, they are characterized by changes in cell 
membranes, lens proteins, or both. Intercellular fluid accumu- 
lation will manifest as clefts and fissures between cells. Inter- 
cytoplasmic swelling imparts enlarged profiles and a granular 
cytoplasm; as lens proteins denature, they become more 
eosinophilic and homogeneous. Fiber cell membranolysis will 
result in extracellular pools or distinct spherules of altered 
protein; the latter are referred to as Morgagni globules. 
Increased fluid intake leads to swelling of the lens with 
stretching of the capsule (spontaneous rupture, usually of the 
posterior capsule, may occur). As the osmotic pressure with 
the aqueous humor equalizes across the lens capsule due to 
altered metabolism and loss of transcapsular transport mecha- 
nisms, soluble proteins migrate from the lens, with resultant 
shrinkage and capsular wrinkling. Cholesterol deposits or 
dystrophic calcification may occur. 

Interpretation of changes in the lens nucleus are somewhat 
problematic for the pathologist. As mentioned, the etiologies 
and pathomechanisms of cataract formation are diverse. The 
role of altered carbohydrate metabolism, in particular glucose 
and galactose, have been studied extensively. In diabetes mel- 
litus, excessive levels of glucose enter the lens, the rate-limit- 
ing enzymes of the Emben-Meyerhoff pathway are saturated, 
and the sorbitol pathway and aldose reductase are activated, 
with the sugar being metabolized to polyalcohols with result- 
ant osmotic imbalance and water influx.'®* Elevation of galac- 
tose levels related to excessive dietary intake or genetic 
enzymatic defects follows a similar pattern'®!®; neonatal 
marsupials supplemented with cow’s milk, which is high in 
galactose that these animals are unable to properly metabo- 
lize, will develop cataractogenesis. The pivotal role that 
glucose plays in Jens metabolism is further demonstrated in 
that low glucose levels can also lead to cataract formation. 

Hypocalcemia can cause cataracts in dogs and cats, and 
numerous toxins, chemicals, and pharmaceutical agents have 
been shown to cause both experimental and spontaneous dis- 
ease. Glucocorticoids administered both topically and system- 
ically in humans can result in posterior subcapsular cataracts 
that continue to progress after treatment is discontinued. 
Heavy metals, including lead and silver, can induce cataracts. 
A cholinesterase inhibitor used to control sea lice in Atlantic 
salmon has been implicated in cataractogenesis. Dinitrophe- 
nol in dogs and hygromycin B in swine have also been shown 
to be cataractogenic.!6!7° 

Radiant energy can cause cataractogenesis; light energy 
may be cataractogenic in fish. The lens is quite sensitive to 
radiation, which results in increases in membrane perme- 
ability and alters protein synthesis and metabolism. Younger 
animals are more susceptible; birds are remarkably resist- 
ant. A period of latency follows exposure with vacuoles 
forming at the posterior pole and progressing to cortical 
involvement.!7!-174 
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Nutritional factors other than carbohydrates may be 
cataractogenic, including amino acid deficiencies of trypto- 
phan, phenylalanine, valine, and histidine; arginine deficiency 
causes cataracts in wolf pups.!7>-!®° 

Other intraocular diseases such as uveitis, glaucoma, and 
retinal degeneration cause cataracts by altering the ocular 
milieu and thus lens nutrition. Turkeys and chickens with 
avian encephalomyelitis and Marek’s disease develop 
cataracts. In fish, phacotropism is demonstrated by trematode 
(diplostomun) larvae with associated cataract, and encephali- 
tizoon has been associated with cataract and lens capsule rup- 
ture in rabbits. !8!-182 

In many cases, including cataracts in pinnepeds, etiologies 
remain undefined; various dietary, environmental, genetic, 
and traumatic factors have been postulated. Likewise, the cel- 
lular and subcellular mechanisms of inherited cataracts in 
domestic animals is largely unknown. 


Acquired Lens Luxations 


The lens is anchored by the zonular fibers, which blend with 
the anterior and posterior lens capsule and extend to the ciliary 
body. Disruption usually occurs at the site of capsular inser- 
tion, with resultant subluxation or luxation (Fig. 8.102). Con- 
genital abnormalities in zonular insertion and/or physical 
properties in connective tissue disorders predisposes to dislo- 
cation, and bilateral lens luxation has been described in a dog 
with Ehler-Danlos syndrome. There are heritable conditions 
in certain breeds of dogs (notably terriers) in which the 
zonules appear normal initially but are of reduced tensile 
strength and rupture easily after a certain age. The inherited 


Figure 8.102. A clinical photograph of an inherited posterior lens luxa- 
tion in a Jack Russell terrier. Note the prominent aphakic crescent and the 
edge of the ventral and posterior luxated lens. 


lens luxations are discussed in the “Inherited Developmental 
Disorders” section. Chronic inflammation will also result jy 
zonulysis and lens luxation in cats and dogs. Physical traumą 
to the globe of sufficient magnitude can dislodge the lens and, 
as described in subsequent text, chronic glaucoma with globe 
enlargement and zonular stretching is a common finding. 

Significance of dislocated lenses depends on the nature of 
the luxation, the status of the vitreous, and associated lens and 
ocular changes. Posterior subluxations may be associated with 
elevated IOP if formed vitreous moves anteriorly to obstruct 
the pupil or outflow pathways; similar events may occur with 
posterior luxations, as well as perilenticular organization and 
membranes and resultant retinal traction. Anterior luxations in 
the dog are accompanied by glaucoma as the lens and/or 
adherent vitreous obstruct the pupil and outflow pathway; this 
is less frequently the case in cats because of their deep anterior 
chamber and, as luxations in this species usually accompany 
chronic uveitis, the associated vitreous syneresis. Regardless 
of species, physical contact between lens and corneal 
endothelium may compromise the latter. 


Acquired Glaucoma 


Glaucoma is a generic term used to describe a variety of 
pathophysiological processes in which the IOP reaches a level 
sufficient to cause damage to the eye. In humans, glaucoma 
can occur in individuals whose IOP falls in or close to normal 
range (normotensive glaucoma); alternatively, a population is 
recognized with IOP above normal values but without evi- 
dence of glaucomatous damage (ocular hypertension). Neither 
of these conditions has been unequivocally demonstrated to 
occur in eyes of other animal species. Pathologic elevation of 
the IOP is the consequence of obstruction or misdirection of 
aqueous flow or outflow anywhere along its course from the 
posterior chamber through the pupil, into the ciliary cleft 
(CC), across the trabecular meshwork (TM), and into the 
peripheral vasculature of the scleral venous plexus. 

In terms of classification, glaucoma should foremost be clas- 
sified as being primary or secondary. The former is a genetic 
and bilateral (although not always concurrently so) condition 
that occurs in the absence of antecedent ocular disease associ- 
ated with the elevation of IOP. The latter, in contrast, occurs as a 
direct result of antecedent or concurrent ocular disease that 
results in impaired aqueous circulation or outflow. Either pri- 
mary or secondary glaucoma that manifests at birth should be 
labeled congenital (see “Pathology of Congenital Disorders” in 
this chapter). Although seemingly simplistic, this scheme is 
somewhat ambiguous; for example, the primary glaucoma most 
commonly encountered in the dog is associated with congenital 
goniodysgenesis, although it manifests later in life see Inherited 
Development Disorders in this Chapter. 

Because of the unique morphology of the subprimate out- 
flow pathway, a morphologic classification of glaucoma in 
animals should consider those changes that occur within the 
ciliary cleft distinct and separate from those that occur at the 
ICA. With an open ICA, normal anatomic relationships exist 


between iris root, pectinate ligament, and the inner surface of 
the peripheral cornea. An ICA can be open but dysplastic, 
with abnormalities of the pectinate ligament (to be elaborated 
upon shortly). An ICA can be open but obstructed, for 
instance by the proliferation of a fibrovascular membrane 
from the iris root across the surface of the pectinate ligament. 
The ICA is closed when the anterior surface of the iris root is 
displaced anteriorly to come in contact with the anterior sur- 
face of the pectinate ligament and/or peripheral cornea. The 
ciliary cleft may be open, narrowed, or collapsed. It is quite 
possible to have an open ICA with a collapsed ciliary cleft; in 
fact, this is the most common manifestation associated with 
both primary glaucoma and glaucoma associated with lens 
luxation in the dog. As the cleft collapses, access of the aque- 
ous fluid to the ciliary cleft and trabecular meshwork is 
impaired, outflow decreases, with subsequent elevation of 
JOP. Because of the anatomic relationships, angle closure is 
always associated with narrowing and collapse of the ciliary 
cleft. Collapse of the ciliary cleft may be one of the key events 
that leads to acute elevation of IOP in the majority of animal 
glaucomas; unfortunately, the mechanism(s) that maintain and 
control ciliary cleft width have yet to be defined. While deter- 
mining shallowing of the anterior chamber related to anterior 
displacement of the iris leaflet can be problematic for the 
pathologist, both the status of the ICA and the width of the 
cleft can be assessed with reasonable accuracy in histopatho- 
logic sections. 

Gonioscopic appearance can readily be correlated with the 
above morphologic classification scheme; if the ICA is open, 
but the cleft is collapsed, the iris root will be in direct apposi- 
tion with the outer pigment band; the pectinate ligament and 
cleft will not be observable. With angle closure, the iris root is 
displaced anteriorly to obscure visualization of the outer pig- 
mented band. 


Species Characteristics of Acquired Glaucoma 


Canine Acquired Glaucoma In the dog, secondary 
glaucomas occur two to three times as frequently as primary 
glaucoma (see “Inherited Developmental Disorders”). 
Congenital glaucoma occurs rarely, and when it does it is 
usually associated with anterior segment dysgenesis; the 
histopathology has been detailed in the Doberman Pinscher in 
which it occurs as an inherited disease. The condition occurs 
sporadically in any breed, with a spectrum of changes 
including uveal hypoplasia and microphakia (see “Pathology 
of Congenital Disorders”). 

A recessively inherited primary open-angle glaucoma has 
been developed as a model for human glaucoma in the Beagle 
dog; there is no evidence of goniodysgenesis at the time of 
insidious elevation of IOP, which first appears at about a year 
of age, and the ICA and ciliary cleft are open (see “Inherited 
Developmental Disorders”). 

The most common primary glaucoma seen in dogs is an 
inherited condition associated with goniodysgenesis. Goniodys- 
genesis is a broad term that implies abnormal development of 
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the pectinate ligament, ciliary cleft, and/or trabecular meshwork. 
The condition in the Bouvier is associated with pectinate liga- 
ment dysplasia; similar changes have been noted in the Ameri- 
can and English Cocker Spaniels, Basset Hound, Welsh Springer 
Spaniel, Chow Chow, Shar Pei, Samoyed, and Norwegian 
Elkhound, among others (see “Inherited Developmental Disor- 
ders”) (Figs. 8.9, 8.60, 8.61, and 8.62). 

Secondary glaucoma in dogs occurs in association with 
lens luxation, intraocular neoplasia, and retinal detachment. 
These processes are discussed in a subsequent section. 


Acquired Glaucoma of Cats The majority of glaucomas that 
occur in cats are those that develop secondary to chronic 
lymphoplasmacytic uveitis or diffuse iris melanoma, with 
occasional congenital cases associated with anterior segment 
dysgenesis. Narrow-angle glaucoma is a somewhat enigmatic 
condition that occurs unilaterally (more commonly) or bilater- 
ally in middle-aged domestic cats that present with anterior 
displacement of lens and iris with resultant shallowing of the 
anterior chamber. Vitreous displacement ciliovitreal block 
with posterior misdirection of aqueous flow is the most likely 
explanation, but the pathogenesis is poorly understood. By 
light microscopy, the TEM and lens appear normal. !8%=186 


Acquired Glaucoma in Horses The majority of equine 
glaucoma cases likely occur secondary to chronic uveitis; the 
prominence of uveoscleral outflow in this species may render 
these beasts somewhat resistant to IOP elevations caused by 
conventional pathway alterations.'*”!°! Histopathologically, 
preiridal fibrovascular membranes are frequent findings. 


Pathogenesis of Secondary Glaucoma 


Secondary glaucoma occurs because of obstruction of the cir- 
culation of aqueous at the ciliary process diaphragm, the 
pupil, the ICA, the ciliary cleft, or the trabecular meshwork. 
Ciliovitreal block was described earlier as a primary mecha- 
nism in the cat and may play a role in the IOP elevation that 
occurs with anteriorly luxated lenses or following lens 
extraction and partial vitrectomy. In all of these situations, 
anterior displacement of vitreous prevents flow of aqueous 
through the pupil and results in posterior chamber aqueous 
accumulation. 

Obstruction of aqueous flow through the pupil may occur 
as an intumescent cataract swells anteriorly to increase resis- 
tance at the lens—iris diaphragm (phacomorphic glaucoma); 
by an anteriorly luxated lens acting as a cork to obstruct the 
pupil; as a result of vitreous that is displaced into the poste- 
rior chamber in association with a posteriorly subluxated 
lens, or more commonly, of vitreous that is pulled into the 
pupil by an anteriorly luxated lens; with the formation of 
occlusive fibrovascular pupillary membranes; or with total 
anterior synechiae and associated iris bombé. Pupillary 
membranes and posterior synechiae generally are a conse- 
quence of inflammation or preiridal fibrovascular membrane 
formation. 
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Closure of the ICA can occur as a result of either total or 
peripheral anterior synechiae. Peripheral anterior synechiae 
can develop secondary to pupillary obstruction associated 
with any of the factors discussed previously; space occupying 
lesions of the posterior chamber or segment, including neo- 
plasms and ciliary cysts; uveitis; or preiridal fibrovascular 
membranes that span the ICA. Broad anterior synechiae typi- 
cally form following corneal perforation, for iris adheres to 
adjacent structures, be it lens capsule or cornea. Two criteria 
are required: the first is proximity, and the second the presence 
of fibrin, which acts as a tissue adhesive. Transient fibrinous 
adhesions rather quickly organize to become irreversible and 
permanent. 

Preiridal fibrovascular membranes can cause glaucoma in 
the absence of peripheral anterior synechiae simply by span- 
ning the pectinate ligament in a solid fibrovascular sheet or on 
occasion can extend into the ciliary cleft. The significance of 
these membranes can be somewhat problematic for the 
pathologist to determine because they may be encountered in 
primary glaucoma as well, presumably related to the release 
of vasogenic factors by hypoxic retina. In early rubeosis iridis, 
hypertrophy of the vascular endothelium in vessels in the 
anterior iris stroma is noted, and spindle-shaped cells migrate 
onto the anterior iris surface, anterior to the pigmented mar- 
gin. The cells differentiate into vascular channels, and with 
maturity a fibrous component develops (Fig. 8.103). Contrac- 
tion of these surface membranes results in distortion of the 
pupillary margin (entropion or ectropion uveae) with charac- 
teristic bending of the normally linear sphincter muscle. These 
membranes may span the pupil or extend onto the posterior 
surface of the iris and indeed may extend posteriorly to incor- 
porate the ciliary processes and contribute to cyclitic mem- 
brane formation. The vessels are fragile and give rise to the 


Figure 8.103. A preiridal fibrovascular membrane in a cat. Note the iridal 
vessels that extend through the anterior iridal surface and across the filtra- 
tion angle, and the plasmoid aqueous and mononuclear cell infiltrate. 
(Periodic acid-Schiff stain, original magnification 250X.) 


spontaneous hyphema that occurs in end-stage globes with 
retinal detachment, uveitis, and/or secondary glaucoma, 

Obstruction of an open iridocorneal angle may also be seen 
with epithelial or fibrous ingrowth following accidental or sur- 
gical perforating trauma; less commonly, obstruction results 
from proliferating corneal endothelium or, following lens cap- 
sule disruption, lens epithelium. 

Secondary glaucoma can occur as a result of acquired 
alterations of the ciliary cleft; with lens luxation, the ciliary 
cleft collapses, which likely plays a contributory role in the 
associated glaucoma. In chronic uveitis, the ciliary cleft 
may be densely infiltrated with inflammatory cells that 
obstruct outflow by their physical presence or produce 
cytokines that adversely affect trabecular endothelium; this 
is the most common mechanism of glaucoma secondary to 
feline lymphoplasmacytic uveitis or uveodermatologic syn- 
drome in dogs. Macrophages are too large to readily pass 
through the trabecular pores and on occasion accumulate 
within the cleft to cause an obstructive secondary glau- 
coma; this is an uncommon condition in domestic animals, 
These glaucomas are identified by the suffix -/ytic, with the 
prefix designating the ingested material. For instance, pha- 
colytic glaucoma describes an elevation of IOP related to 
obstruction by macrophages filled with ingested lens pro- 
tein, and hemolytic glaucoma is caused by macrophages 
filled with ingested erythrocytes or their breakdown prod- 
ucts. With a ruptured lens capsule, denatured lens proteins 
may be seen obstructing the ciliary cleft; this condition is 
labeled lens particle glaucoma. In addition, the ciliary cleft 
may be obliterated by primary or secondary intraocular neo- 
plasia, most commonly melanocytomas or iridociliary ade- 
nocarcinomas. Secondary glaucoma can occur as a result of 
damage to the trabecular meshwork itself by inflammation, 
trauma, or destruction by tumor. 


Effects of Elevated IOP 


The changes that occur secondary to elevated JOP can be 
attributed to one of four mechanisms: direct or indirect physi- 
cal effects of the elevated pressure on cells and tissues; vascu- 
lar effects as the IOP exceeds the luminal pressure of the 
capillary beds, creating a state of hypoxia; and stagnation of 
aqueous flow. In glaucoma, the avascular tissues that are 
dependent on aqueous circulation are deprived of both nutri- 
tion and waste removal. While the mechanism (or mecha- 
nisms) that stimulate release of neuroexcitotoxins is not well 
understood, these substances (notably glutamate) likely con- 
tribute to posterior segment changes (Table 8.5). 

Enlargement of the globe occurs as a result of direct pres- 
sure on the collagen of the cornea and sclera; this effect is 
species and age dependent, related to the elasticity of the con- 
nective tissue. In general, young animals have a greater ten- 
dency than older animals for enlargement of the globe. In the 
cat, the anterior segment enlarges in greater proportion than 
the posterior segment. The intercalary sclera is thinner than 
that posterior to the equator and is a common location for 
localized ectasia and staphyloma formation. 


f 
$ 
j 
$ 
} 
Í 

j 


Table 8.5 Pathophysiology of Ocular Changes in Glaucoma 
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Tissue Effect 


Globe Direct pressure 


Conjunctiva/episclera 


venous pressure) 


Corneal endothelium Tissue hypoxia 


As the globe enlarges, exposure keratitis may occur and 
aanifest with a spectrum of possible changes from ulceration 

to epidermidalization. Diffuse corneal edema results as a con- 
sequence of direct pressure effects (including hydrostatic 
` pressure) and aqueous stagnation. Descemet’s membrane is 
less elastic than stroma and with stretching can fracture and 
become edematous (Fig. 8.104A) to produce striae that repre- 
sent focal scarring (Fig. 8.104B). 

Acutely, hypoxia of iris endothelial cells may result in the 
leakage of protein into the aqueous, and iris musculature 
hypoxia contributes to a fixed moderate pupil. With chronic- 
ity, uveal atrophy develops. Stagnation of aqueous predis- 
poses to cataract formation; acute lens epithelial cell necrosis, 
the histologic correlate of glaucomflecken as described in 
humans, has not been documented in animals. As the globe 
enlarges, the zonules stretch and rupture, leading to secondary 
lens dislocation. Vitreous syneresis occurs. 

The most critical changes that occur are those involving the 
neurosensory retina and optic nerve. Fascinating and 
somewhat enigmatic species differences in susceptibility to 
and patterns of posterior segment changes exist. A variety of 


Indirect pressure (compression of 
vasculature with resultant increased 


Aqueous stagnation 


Uvea Tissue hypoxia Aqueous flare 
Muscle dysfunction 
Atrophy 
Lens Indirect pressure (zonular stretching Cataract 
with globe enlargement) Subluxation/luxation 
Vitreous Direct pressure (?) 
Direct pressure 
Indirect pressure Syneresis 
Retina Tissue hypoxia 
Neuroexcitotoxicity Retinal atrophy 
Direct pressure 
Indirect pressure (compression of 
ganglion cell axons at lamina cribrosa 
with disruption of axoplasmic flow) 
[Oae nerve Hypoxia Optic atrophy +/— cupping, demyelination 


Result 


ENES 


Globe enlargement 

Scleral ectasia/staphyloma 
Exposure keratitis 

Vascular injection/hyperemia 


Corneal edema 


factors are at play in the pathogenesis of these changes. The 
first is a direct pressure effect on the cells of the retina. The 
second is a vascular effect on both the retinal and choroidal 
circulation with hypoxia. Third, there is an indirect physical 
effect as the ganglion cell axons are compressed at the level of 
the lamina cribrosa with resultant disruption of axoplasmic 
flow. Lastly, affected retinal neurons may release neuroexciti- 
toxins that adversely affect neighboring neurons. In human 
eyes, classical glaucomatous degeneration is limited to the 
inner retina (ganglion cell and nerve fiber layer), and the cat 
eye largely follows this pattern. In the dog, degenerative 
changes frequently involve all of the retinal layers, and there 
is a geographic sensitivity whereby the superior retina is 
somewhat more resistant to IJOP-mediated degenerative 
change (Fig. 8.9). Cat retinas experience less severe effects 
when compared to dogs with equivalent extent and duration of 
elevated IOP. 

Optic nerve changes include atrophy with or without cup- 
ping of the optic disc and associated posterior bowing of the 
lamina cribrosa. Cupping occurs in approximately 50% of 
glaucomatous canine eyes as a result of the physical effects of 
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(b) 


Figure 8.104. A. A light microscopic section of an acute corneal stria that develops secondary to buphthalmos and corneal stretching. Note the break in 
Descemet’s membrane and the corneal vascularization. Light microscopic examination confirmed glaucoma. (Periodic acid-Schiff stain, original magnifica- 
tion 300X) B. With time, a striae will change in histologic appearance as metaplastic endothelium reduplicates multiple thin layers of Descemet’s membrane, 


(Periodic acid-Schiff stain, original magnification 200X.) 


elevated IOP on this relatively weak area of sclera as well as 
the loss of axons and glial cells from the optic disc (Fig. 8.9). 
Large-diameter ganglion cells and their axons seem more sus- 
ceptible to glaucomatous injury. Postlaminar liquifactive 
necrosis, or cavernous atrophy, is seen occasionally in glauco- 
matous canine eyes (Fig. 8.105). 


Acquired Vitreous Disorders 


While vitreous syneresis (liquefaction) and detachment are 
considered consequences of normal aging, they may also occur 
as a result of pathologic processes, including inflammation and 
glaucoma, that cause depolymerization of vitreous hyaluronic 
acid and collagenolysis (Fig. 8.106). Clinical diagnosis of 
either condition may be problematic; however, it is facilitated 
by posterior segment biomicroscopy. Syneresis is generally 
regarded as innocuous. Detachment of the posterior hyaloid 
membrane from the internal limiting membrane of the retina 
occurs in domestic animals, but incidence and relation to age 
has not been studied. Significance may involve traction on the 
retina at the leading edge of the vitreous detachment with the 
theoretical consequences of retinal tears, hemorrhage, folds, 
and cystoid degeneration of underlying retina. Posterior vitre- 
ous detachment can be diagnosed in paraffin-embedded sec- 
tions with optimal processing, with protein condensation 
delineating the posterior hyaloid membrane. Syneresis is a 
gross pathologic diagnosis made upon qualitative evaluation of 
vitreous viscosity upon opening the globe (Fig. 8.107). 
Asteroid hyalosis is the formation of 0.01 to 0.1 mm, roughly 
spherical bodies suspended within formed vitreous. Their nature 
is thought to be a calcium and phosphorous—containing lipid 
and they may arise from degenerated vitreous collagen fibrils 


Figure 8.105. Liquefactive necrosis of the optic nerve will occasionally 
develop in glaucoma, and hyaluronic acid—positive material that is pre- 
sumed to be vitreous may be detected within the optic nerve. (Alcian blue 
plus hyaluronidase, original magnification 200X.) 


(Figs. 8.106 and 8.108). Asteroid bodies are weakly basophilic 
with hematoxylin and eosin stains with the suggestion of lamel- 
lar arrangement, and they stain positively for lipid, although they 
resist fat solvents. They are mucopolysaccharide positive and 
hyaluronidase resistant. With polarized light, birefringent 
spicules are observed. Asteroid hyalosis is not an uncommon 
finding in older dogs and has not been reported in cats or other 
domestic animals. It may be unilateral or bilateral, and even in its 
densest presentation, does not seem to effect vision appreciably. 
In dogs there is an association with iridociliary neoplasia. 
Cholesterolosis bulbi is an uncommon condition that 
results from incomplete resolution of intraocular hemorrhage 
and syneresis. The refractile cholesterol crystals settle to the 
bottom of the vitreous chamber (and/or the anterior chamber 
in aphakic eyes) when the eye is at rest. Other significant 
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Figure 8.106. Vitreous degeneration is easily overlooked during light 
microscopic examination of eyes. Note the congealed strands of vitreous in 
this section. Asteroid hyalosis bodies and areas of clear fluid are also present 
in this photograph. (Periodic acid-Schiff stain, original magnification 200X.) 


Figure 8.107. This is a gross section of a Bouin’s-fixed dog eye. Note the 
retinal detachment, scrolling of the retinal edge, and vitreous strands. 


ocular lesions usually accompany this condition. In paraffin- 
embedded sections, the cholesterol esters have been dissolved 
in processing and their location is seen as slitlike spaces, occa- 
sionally with an associated granulomatous inflammatory 
response, and hemosiderosis may be present and is demon- 
strated nicely with stains for iron. 


Optic Nerve Degeneration 


Optic nerve degeneration or atrophy is a common pathologic 
diagnosis. The etiologies include optic nerve trauma, glaucoma, 
optic nerve neoplasia, optic neuritis, progressive retinal atrophy, 
retinal detachment, and others. The gross clinical signs include 
a cavitation of the optic nerve, and histologic findings include 
decreased axons, gliosis, and fibrosis (Fig. 8.5). 
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Figure 8.108. Asteroid hyalosis in a dog. Note the amorphous pink 
granular bodies associated with dark, small hyalocyte nuclei. (Periodic acid- 
Schiff stain, original magnification 400X.) 


Metabolic Diseases That Affect the Eye 
Diabetes Mellitus 


The ocular manifestations of diabetes mellitus other than 
cataracts have not been systematically studied in animal 
species; in human eyes, these include glycogenic vacuolization 
of the iris pigmented epithelium; thickening of the ciliary body 
basement membrane; and ischemic retinopathy with retinal and 
optic disc neovascularization, with secondary ramifications of 
vitreous hemorrhage, tractional retinal detachment, rubeosis iri- 
des, and neovascular glaucoma. The canine and feline posterior 
segments are spared the ravages of vasoproliferative disease, 
perhaps simply as a consequence of disease duration—these 
changes take many years to develop in humans. Diabetic 
cataracts in dogs are osmotic in nature related to polyalcohol 
accumulation; are rapid in onset, accompanied by intumesence; 
and are frequently associated with lens-induced uveitis. Ultra- 
structural changes have been described by Taylor, Peiffer, and 
Costella.'"* There are species differences in regard to propen- 
sity for diabetic cataractogenesis related to differences in 
enzyme levels and thus sugar metabolism; diabetic cataracts in 
cats have been reported only rarely. 1? 


Systemic Hypertension 


The ophthalmic pathology of systemic hypertension in the 
dog and cat include vascular lesions, including fibrinoid 
necrosis and occlusion of choroidal and retinal arterioles with 
nonperfusion of the choriocapillaris; ischemic atrophy of the 
RPE; retinal ischemia with detachment, exudation, hemor- 
rhage, and necrosis; and papilledema (Fig. 8.109). 


Infectious Ocular Diseases 


A myriad of infectious agents may affect the orbital, adnexal, 
or ocular tissues, either as a result of vascular seeding or direct 
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Figure 8.109. Systemic hypertension will induce significant intraocular 
disease, including retinal detachment, retinal edema and hemorrhage, and 
fibrinoid necrosis of retina and choroidal vessels. When the hypertension is 
not controlled, the retina will degenerate, and thickened retinal and 
choroidal arteries eventually develop. (Periodic acid-Schiff stain, original 
magnification 250X.) 


extension of endogenous infectious disease or as a conse- 
quence of inoculation of endogenous agents caused by 
trauma. The visibility of the eye, the importance of vision as a 
cognitive sense, and anatomic and physiologic factors con- 
tribute to the fact that ocular signs are frequently the reason 
for presentation of systemic infectious disease. Infectious 
agents, their morphology, and common features are summa- 
rized in Table 8.6. 


Ocular Neoplasia 


We have categorized ocular neoplasia in this chapter by the 
tissue involved (orbital, adnexal, conjunctival and corneal, 
uvea, retina, and optic nerve). Ocular neoplasms are primary 
(originate in the eye); or they are metastatic and gain access 
into the ocular tissues via the vascular system; or they invade 
the orbit and then the globe by extension from adjacent tissue 
(e.g., nasal carcinoma). Most primary ocular neoplasms are 
benign in behavior, often despite histologic evidence of malig- 
nancy. However, their expansive growth induces significant 
alterations within the eye or orbit or ocular surface that may 
necessitate enucleation. Examples include melanocytomas of 
the eyelids, limbus, and uvea and iridociliary epithelial neo- 
plasms. Malignant primary neoplasms, although small in 
number, are important because metastasis of these is common. 
Examples of malignant primary ocular neoplasms include 
feline intraocular sarcoma, feline diffuse iris melanoma, con- 
junctival melanoma, and many of the spindle cell neoplasms 
of the orbit. Virtually any systemic neoplasm can metastasize 
to the eye. Indeed, the rich vascularity of the uvea and the 
eyes’ sequestration from the immune system may mark it as a 


favored site for metastatic disease. Metastatic neoplasms 
extend into the eye via the uveal circulation because there is 
no intraocular lymph system. Based on the incidence of uveal 
metastasis in humans with extensive systemic neoplasia, there 
are likely more metastatic uveal neoplasms in animals than 
our current veterinary pathology archives indicate. Because 
medical and radiation therapy prolongs life of companion ani- 
mals, we predict an increased prevalence of metastatic ocular 
neoplasia. 


Orbital Neoplasia 


Orbital neoplasia is uncommon in domestic animals. It is 
reported that over 56% are primary and arise from orbital tis- 
sues. Most of the secondary tumors are either lymphosarcomas 
or extensions from adjacent tissues (nasal carcinomas or sinus 
squamous cell carcinomas). Occasionally, metastatic neo- 
plasms, most commonly lymphosarcomas, localize in the orbit. 
There are no breed or sex predispositions, and most affected 
animals are middle-aged and older. Unfortunately, most orbital 
neoplasms are malignant. There are many reported primary 
orbital neoplasms in animals, including flat bone osteosarcoma 
(Figs. 8.112 and 8.113), chondrosarcoma, hemangiosarcoma, 
neurofibrosarcoma, lacrimal gland adenoma and adenocarci- 
noma, third eyelid adenoma and adenocarcinoma, zygomatic 
salivary adenoma and adenocarcinoma, Harderian gland ade- 
noma, granular cell myoblastoma, and fibrosarcoma.!°*?™ The 
distinctive gross and light microscopic appearances of these pri- 
mary neoplasms are described in Table 8.7. 

Reported metastatic neoplasms and those that extend into the 
orbit from adjacent tissues include nasal adenocarcinoma, 
lymphosarcoma (Fig. 8.114a), and squamous cell carci- 
noma. !°4-197203-207 Their histologic features are listed in 
Table 8.8. The histories that accompany the biopsies of these 
metastatic orbital neoplasms are valuable to the pathologist in 
identifying the potential tissues of origin of anaplastic neoplasms. 

The immunohistochemical staining patterns and electron 
microscopic ultrastructure are often required to confirm a tis- 
sue-specific diagnosis with anaplastic orbital neoplasia. The 
choice of available immunohistochemical staining is exten- 
sive, and a thorough knowledge of embryology and tissue der- 
ivations aids the selection. Briefly, cytokeratin markers help 
identify epithelial neoplasms; vimentin is expressed on most 
neoplasms that arise from neurocrest tissues; synatophysin 
and neurospecific enolase help identify most neoplasms that 
are neuroectoderm in origin; actin is expressed on some 
mesenchymal neoplasms; and S100, tyrosinase, and melanin 
A are useful in identifying poorly pigmented melanomas. 
With the exception of meningiomas, lipomas, and adenomas, 
most orbital neoplasms are malignant and metastasis is 
common and the prognosis is poor. 


Eyelid and Conjunctival Neoplasms 


Eyelid and conjunctival neoplasms occur commonly in dogs 
(tarsal gland adenomas), cattle (squamous cell carcinoma), and 
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Table 8.6 Common Endogenous Infectious Causes of Ocular Inflammatory Disease with Key Histopathologic Features 


Organism/Disease 


Morphologic Features of Organism 


Feline immunodeficiency virus 


Feline coronavirus 


Feline herpesvirus 
Bovine malignant 
catarrhal fever 
Canine distemper 
Canine adenovirus-1 


Rickettsia 
Borrelia burgdorferi 
Equine recurrent uveitis 


Histoplasma 
capsulatum 


Cryptococcus 
neoformans 


Coccidioides immitis 
Blastomyces 


dermatitidis 
Aspergillus 


Protrotheca 
(zophi most common) 


Nocardia asteroids 
Tuberculosis 


Leishmaniasis 
Toxoplasmosis 


Hapatozoon canis 


Toxocara canis, 
Baylisascaris procyonis 


Bartonella 
Candida albicans 


Intranuclear inclusions 


Inclusions in glial and other cells 


Inclusions in corneal endothelial cells 


Silver-positive spirochetes, 
Onchocerca microfilaria 
(both rarely identified) 


Intracytoplasmic (macrophage), 2—4 
um PAS+ yeasts with central density 
and a clear capsule (Figure 8.111) 


Focal-multifocal ellipsoidal yeasts 
4-40 um in diameter, thin-walled 
PAS+ yeasts, thick mucicarmine+ capsule 


Large coalescing pyogranulomas with 
PAS + endospore-containing spherules 


5-20 um PAS+ thick-walled, 
broad-based budding organisms 


PAS and silver + septated hyphae 
within vitreous, oriented perpendicular 
to retinal surface 


2-20 wm refractile, PAS+, argyrophilic 
wall; unicellular or multiple daughter 
cells within a single parent cell 


Branching, filamentous gm+ bacteria, 
vitreous predisposition 


Acid-fast organisms within 
macrophages 


Protozoa within macrophages 
Rare merozoites or cysts 


Protozoan-intracytoplasmic gametes 
or schizonts in tissue (muscle biopsy) 


+/— nematode fragments 


Gram-negative bacteria 
Periodic acid-Schiff positive yeast (Fig. 8.110) 


Classification of Inflammation 


Lymphoplasmacytic uveitis 
Retinal perivasculitis 
Variable neutrophilic infiltrate 


Lymphoplasmacytic 
vasculitis/endophthalmitis with 
prominent exudation. 


Lymphoplamacytic keratoconjunctivitis/ 
uveitis 
Lymphoblastic perivascular and intramural 


accumulation with vascular necrosis, 
+/— hemorrhage (Fig. 8.91) 


Corneal endothelialitis 


Nongranulomatous lacrimal adenitis, 
chorioretinitis, optic neuritis 


Nongranulomatous anterior uveitis, 
neutrophilic endothelialitis 


Mononuclear perivasculitis 
Nongranulomatous uveitis 


Lymphoplasmacytic uveitis 
Amyloid envelopment of ciliary 
processes (Fig. 8.90) 


Diffuse granulomatous to 
pyogranulomatous 


Minimal pyogranulomatous host 
reaction, neurotrophic 


Discrete pyogranulomatous 
Diffuse pyogranulomatous (Fig. 8.25) 


Pyogranulomatous +/— necrosis 


Lymphoplasmacytic to 
diffuse granulomatous 


Pyogranulomatous +/— necrosis 


Discrete granulomatous uveitis/ 
panophthalmitis (Fig. 8.89) 


Granulomatous uveitis/panophthalmitis 
Lymphoplasmacytic uveitis distant from 


organism +/— focal necrotizing retinitis 
Zonal eosinophilic granulomatous 


Lymphoplasmacytic uveitis, conjunctivitis 
Lymphoplasmacytic uveitis 
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(a) 


(b) 


Figure 8.110. A. A fundus photograph of a cat with systemic candidiasis. B. Histologic appearance of Candida albicans. (Periodic acid-Schiff stain, origi- 


nal magnification 400X.) 


Figure 8.111. Histoplasma capsulatum will induce a significant choriore- 
tinitis. Transmitting electron microscopy will confirm the characteristic 
shape and size of this organism. (Original magnification 6300X.) 


horses (sarcoids and squamous cell carcinomas), and less fre- 
quently in other domestic animals. The characteristics of the 
common eyelid neoplasms of dogs are provided in Table 8.9. 
Most eyelid neoplasms of dogs are benign, or even if histologic 
features of malignance exist, they usually behave in a benign 
fashion. The tarsal gland adenoma accounts for approximately 
40% of the reported eyelid tumors in dogs, and melanoma and 
papilloma accounts for 20% and 17% respectively.°°?!° In 
contrast, in the cat and cow, squamous cell carcinoma is the 


Figure 8.112. A firm mass that was attached to orbital bones is evident 
temporal to the right eye of this dog. 


most common eyelid and conjunctival neoplasm.?!!*!* Many, 
if not all, eyelid and conjunctival neoplasms have multiple 
predisposing factors, including ultraviolet exposure, lack of 
protective pigmentation, and species susceptibility. 

Tarsal gland adenomas are sebaceous gland neoplasms that 
develop most commonly in older dogs (>10 years). Grossly, 
these adenomas are lobulated, usually pigmented, and friable 
(Fig. 8.116A). As a result, hemorrhage and fibrin crusts are 
often present. In any given tumor, the ductal or secretory cells 
may predominate (Fig. 8.116B and C ); in the older literature, 
ductal adenomas were confused with basal cell carcinomas, 
which are rarely encountered in domestic animals. Hemor- 
rhage, necrosis, pigmentation, and chalazion are commonly 
noted. The lipid secretion is often extruded from the tarsal 


i 
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Figure 8.113. Flat bone osteosarcoma was confirmed after orbital 
biopsy of the dog in Figure 8.112. (Hematoxylin and eosin stain, original 
magnification 250X.) 


gland during the progressive neoplastic expansion, which 
induces a significant granulomatous response. Rarely, hyper- 
chromatism and increased mitotic activity warrant the diagno- 
sis of tarsal gland adenocarcinoma. Fortunately, even these 
diseases behave as benign neoplasms and respond to excision 
or varied therapies, including cryosurgery or laser ablation. 
Squamous cell carcinoma is a common eyelid and conjuncti- 
val neoplasm of the horse, cow, and cat. Poorly pigmented 
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eyelids and conjunctiva in these species predispose to precancer- 
ous changes, including plaques, papillomas, keratin horns 
(Fig. 8.117A), and carcinoma in situ (Fig. 8.117B). These pre- 
neoplastic lesions may be erythematous, scaly, crusty, or even 
hornlike. The preneoplastic lesions may regress spontaneously 
or slowly develop into squamous cell carcinoma. In the cat, 
horse, and cow, squamous cell carcinoma may manifest as a fri- 
able, salmon-pink mass or as an ulcerative lesion. The diagnosis 
is confirmed with biopsy and light microscopic examination. 
Broder’s classification may be utilized to establish the progno- 
sis: grade 1 squamous cell carcinomas are well differentiated 
with large, round epithelial cells with prominent intercellular 
bridges, abundant pink cytoplasm, homogenous nuclear pat- 
terns, and only a few mitotic figures (Fig. 8.117C). Keratin 
pearls are prominent features, as are neutrophils, within these 
well-differentiated neoplasms. Grade IJ squamous cell carcino- 
mas display prominent epithelial characteristics with fewer ker- 
atin pearls and increased mitotic figures. Grade II squamous 
cell carcinomas are similar; however, the mitotic index is higher 
and there is more evidence of tissue invasion, which creates mul- 
tiple neoplastic islands (Fig. 8.117D). Grade IV are poorly dif- 
ferentiated carcinomas with no keratin pearls, amolphilic 
cytoplasm with pleomorphic, and hyperchromatic nuclei 
(Fig. 8.117E). The mitotic index is high, and tissue invasion is 
obvious. Metastatic potential increases with each grade of squa- 
mous cell carcinoma, and although uncommon, they do spread 
via the lymphatics to the regional lymph nodes (mandibular, 
retropharyngeal, and mediastinal). Papilloma virus may play a 
role in the development of squamous cell carcinomas. Solar 
radiation and lack of pigment in the eyelids are predisposing fac- 
tors in the cow, cat, and horse. 


Table 8.7. Gross and Histologic Characteristics of Primary Orbital Neoplasms 


Neoplasm Gross Features 


Osteoma and osteosarcoma 
cross section 


Lacrimal gland 
adenomas and 


adenocarcinomas orbital quadrant 


Firm, white, and gritty on 


Chondrosarcoma Translucent gray 

Rhadbomyosarcoma Gray to red in color and 
nodular 

Neurofibrosarcoma Gray to white and firm 


Pink, friable, lobulated mass 
located in dorsolateral 


Histologic Features 
Trabecular bone with fibrous tissue 
and cartilage (Fig. 8.113) 


Cartilage and poorly differentiated 
mesenchymal cells 


Ribbon and strap cells with 
cross striations 


Bundles and fascicles of spindle cells 


Sheets of epithelial cells with 
variable gland and duct formation 


Third eyelid adenomas 
and adenocarcinomas 
Mast cell neoplasms 


Melanoma 


Meningioma 


Zygomatic gland Pink, friable, lobulated mass located 
adenomas and in ventral orbit (Fig. 8.115) 
adenocarcinomas 


Pink, friable, lobulated mass located 
in ventromedian orbital quadrant 


Edematous, red, friable mass without 
distinct borders 


Usually pigmented and 
arising from conjunctiva 


White to gray and often round or oval 


Sheets of epithelial cells with variable 
gland and duct formation 


Sheets of epithelial cells with variable 
gland and duct formation 


Diffuse round cell neoplasm with granules 
and eosinophils 

Variable spindle to plump cells with 
pigment (usually) 


Multiple nests and whorls of spindle- 
shaped cells (Fig. 8.136) 
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Table 8.8 Gross and Histologic Features of Common Metastatic Orbital Neoplasms of Animals 


Neoplasm Gross Features 


Histologic Features 


Nasal or sinus adenocarcinoma 


Squamous cell carcinoma 
orbit from the conjunctiva 


Lymphosarcoma 


Gray, friable, well vascularized; may have mucin 
and will extend into orbit from the nasal cavity or sinus 


Salmon-pink, friable mass that extends into 


Gray, friable mass that lacks distinct borders 


Basal epithelial cells with 
variable adenomatous development 


Sheets of epithelial cells with tight junctions 
and variable keratin production (Fig. 8.117) 


Diffuse round-cell tumor with a large nuclei 
and minimal cytoplasm (Fig. 8.114B) 


(a) 


Figure 8.114. A. A medial canthal tumor that is inducing third eyelid prolapse in a horse. B. Histology confirmed orbital lymphosarcoma after biopsy. 


(Hematoxylin and eosin, original magnification 300X.) 


Figure 8.115. Orbital tumor that is consistent in appearance with a glan- 
dular neoplasm. Light microscopy confirmed the diagnosis of zygomatic 
adenocarcinoma. 


Papillomas of the eyelids are common in dogs, horses, and 
ruminants (Fig. 8.118A). Grossly, papillomas are often 
pedunculated, and their surfaces are rough and papillary. 
Light microscopic examination of these tumors reveals hyper- 
plastic squamous epithelium that envelops a core of rich 
fibrovascular tissue (Fig. 8.118B). The papilloma variations of 
squamous cell carcinomas are very similar in appearance; 
however, the carcinoma invades deeper tissues and is usually 
only lightly pigmented. Papillomas are induced by papilloma 
viruses, and they manifest in young animals (<lyear of age). 

Histiocytomas are occasionally diagnosed and are similar 
to papillomas; they are benign and occur in young animals. 
They are, however, round and smooth and manifest as sessile 
smooth pink tumors on eyelid skin. Often the center of the 
tumor is depressed and may be ulcerated. Light microscopy 
features include a mass of large round to polyhedral histio- 
cytes that extend through the epidermis and into the dermis 
(Figs. 8.119A and B). These neoplasms are benign and 
resolve spontaneously. 


Table 8.9. Common Eyelid and Conjunctival Neoplasms 


Neoplasm 


Species Most 
Commonly Affected 


Tarsal gland adenoma 


Squamous cell carcinoma 


Histiocytic tumors 


Papillomas 


Eyelid melanomas 


Conjunctival melanoma 


Sarcoid 


Mast cell tumors 
Lymphosarcoma 


Peripheral nerve 
sheath neoplasms 


Hemangioma, 
hemangiosarcoma 


Dogs 


Cattle, horses, cats 


Dogs, cats 


Dogs, horses, cattle 


Dogs, horses 


Dogs 


Horses 


Dogs, cats 


Any species 


Cats, horses 


Dogs, horses 
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Gross Characteristics 


Variably pigmented, 
friable nodular mass associated 
with the tarsal glands (Fig. 8.116A) 


Pale salmon-pink, friable, 
flat eyelid skin or conjunctival mass 


Firm, nodular, pale 
masses (Fig. 8.119A) 


Pedunculated, roughened, friable, 
cauliflowerlike, often pigmented eyelid 
mass of younger animals (Fig. 8.118A) 


Pigmented, often pedunculated masses 
on the eyelid skin and flat, black 
conjunctival masses (Fig. 8.122A) 


Flat, variably pigmented conjunctival 
masses; commonly occur on the 
third eyelid (Fig. 8.123A) 


Firm, pale, pedunculated or intradermal 
masses 


Edematous and hyperemic diffuse eyelid 


masses 
Firm, infiltrative eyelid mass 


Firm, pink eyelid mass 


Vascular mass that originates in the 


conjunctiva and extends into the cornea 


Histologic Features 


Multilobular arrangement with _ 
large, vacuolated epithelial cells 
or basal cells usually arranged in 
distinctive glandular pattern with 
variable pigment and often with 
chalazion and associated foamy 
macrophages and lymphocytes 
(Fig. 8.116B & C) 

Large, pale pink—staining epithelial 
cells with intercellular bridges, 
abundant cytoplasm, keratin pearls, 
and hyperplastic projections into the 
substantia propria (Fig. 8.117B, C, 
D, & E) 


Large, pale macrophagelike cells 
(Fig. 8.119B) 


Hyperplastic squamous epithelial 
fronds with central fibrovascular 
cores (Fig. 8.118B) 


Variable mix of spindle to plump, 
more epithelial-like cells with 
prominent nucleoli, usually 
pigmented (Fig. 8.122B) 


Variable pigmentation with a mix of 
plump and spindle cells with 
prominent nucleoli and noted 
junctional activity (Fig. 8.123B) 


Spindle to spiral cells that form 
interlacing bundles with overlying 
hyperplastic epithelium with 
extensive rete pegs (Fig. 8.121) 


Large, round cells with cytoplasmic 
granules (Fig. 8.21) 


Round cells with large nuclei and 
sparse, dark cytoplasm 


Sheets and fascicles of spindle cells 


Vascular mass with dilated, 
thin-walled vascular channels 
(hemangioma); hemangiosarcomas 
are more cellular with evidence of 
invasion (Fig. 8.125A, B, & C) 


Basal cell epitheliomas are uncommon, benign, multilobu- 
lated, often pigmented neoplasms of eyelids of animals.” 
These neoplasms are either benign histologically and called 
basal cell papillomas or more invasive and termed basal cell 
carcinomas. The latter is a misnomer given their benign clini- 
cal nature. These neoplasms arise from the basal cells of the 
epithelium and adnexa. Light microscopic examination 
reveals basal cell papillomas are pigmented masses of acan- 
thotic epithelium with prominent intercellular bridges. Basal 
cell carcinomas are a uniform population of basophilic epithe- 
lial cells with oval nuclei, and the mitotic index is often 


greater than 5 per high-power field. Sebaceous differentiation 
of these neoplasms is not uncommon, and nests of neoplastic 
cells resembling glands are noted. 

Mast cell neoplasms will occasionally arise in the eyelids 
and conjunctiva.7!**!* The clinical manifestations include 
hyperemia, edema, and swelling. The diagnosis is confirmed 
with light microscopy confirming a diffuse population of 
round cells with basophilic granular cytoplasm (Fig. 8.21). 
When a mast cell neoplasm is confirmed histologically, it 
should be staged by aspirating the draining lymph nodes and 
the primary source of the neoplasm determined. Mast cell 
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Figure 8.116. A. Multiple tarsal gland adenomas on the eyelid margin of an old dog. B. Subgross appearance of one of the tarsal gland adenomas from 
the eyelid of the same dog. (Hematoxylin and eosin stain, original magnification 2X.) C. Histologic features of a tarsal gland adenoma. Note the darkly stain- 
ing basal cells with focal sebaceous differentiation and a mild diffuse neutrophil and macrophage infiltration. The neutrophil and often macrophage infiltration 
is a common inflammatory response to lipid extrusion and chalazion (clear vacuoles) that accompany these adenomas. (Hematoxylin and eosin stain, origi- 


nal magnification 300X.) 


neoplasms are graded by differentiation of the cells, mitotic 
activity, nuclear and nucleolar size, and tissue invasion. 
Eosinophils and collagen degeneration are common accompa- 
niments in mast cell neoplasms. Despite these efforts, mast 
cell neoplasia are often unpredictable in their biologic behav- 
ior in most species. 

Eyelid and conjunctival lymphosarcoma are occasionally 
diagnosed after biopsy (Figs. 8.120A and B). The clinical man- 
ifestations are diffuse or focal swollen eyelids with or without 
inflammation.” Most, if not all, eyelid lymphosarcomas are 
a manifestation of systemic malignant lymphosarcomas. Lym- 
phosarcoma is diagnosed on the basis of morphology, 
which includes either follicular or diffuse architecture. Diffuse 


lymphosarcomas are categorized by nuclear size (small, mixed, 
and large). Follicular lymphosarcomas are categorized into flo- 
ral, mantle cell, marginal cell, and large cell variants. Immuno- 
histochemistry is useful in diagnosing T cell, B cell, and 
leukemic variants of lymphosarcomas. 

Peripheral nerve sheet neoplasms of the eyelids are 
reported in cats and horses.”2!*”? These are locally aggressive 
eyelid neoplasms that are firm on palpation. Histologic char- 
acteristics include interlacing fascicles of spindle cells with 
Antoni A patterns with elongated, plump nuclei arranged in 
rows and palisades and Antoni B patterns in which the spindle 
cells are arranged in a loose, interlacing pattern and the nuclei 
are smaller. 
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Figure 8.117. A. A keratin horn that was removed from the limbus of a Hereford bull. (Hematoxylin and eosin stain, original magnification 200X.) B. Carci- 
noma in situ in the cornea epithelium of a cow. Note the carcinoma is limited to the epithelium and has not crossed the basement membrane and invaded the 
stroma. The surface is keratinized and contains a focal keratin pearl. (Hematoxylin and eosin stain, original magnification 300X.) C. A well-differentiated 
squamous cell carcinoma from the conjunctiva of a Hereford bull. Note the invasion into the subconjunctiva and keratin pearls. (Hematoxylin and eosin, orig- 
inal magnification 300X.) D. An invasive squamous cell carcinoma that is invading the orbital tissues. Note the keratin pearls and diverse epithelial morphol- 
ogy. (Hematoxylin and eosin stain, original magnification 400X.) E. A malignant squamous cell carcinoma that has replaced the cornea of this cow. 
(Hematoxylin and eosin stain. Original magnification 300X.) 
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Figure 8.118. A. Conjunctival papillomatosis in dog. B. Histological section of a conjunctival papilloma. Note the characteristic vascular core and promi- 
nent epithelial hyperplasia and keratinized surface. (Hematoxylin and eosin stain, original magnification 200X.) 
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Figure 8.119. A. Subgross section of eyelid histiocytoma. (Hematoxylin and eosin stain, original magnification 50X.) B. Note the large, pale polyhedral 
cells that are characteristic of a histiocytoma. (Hematoxylin and eosin stain, original magnification 300X.) 


Sarcoids are common tumors of the eyelids of 
horses.” Thoroughbred horses may be predisposed to 
developing this condition, and younger horses are commonly 
affected with these benign fibroblastic tumors. Sarcoids have 
been categorized into three groups based on their gross 
appearance: (a) large fibroblastic tumors measuring larger 
than 20 cm; (2) verrucous or wartlike tumors that are smaller 
and less than 6 cm in diameter; and (3) a mixed type with fea- 
tures of both verrucous and fibroblastic. Light microscopic 


examination reveals a monotonous population of fascicles of 
spindle cells that are woven together (Fig. 8.121). These 
spindle cells extend through the dermis, and the overlying 
epithelium extends deep into the sarcoid as rete pegs. The eti- 
ology is most likely a virus, and bovine papilloma virus and a 
C type retrovirus have been reported.?®??8 Sarcoids are 
viral-induced benign fibromas that will respond to several 
therapies, and the prognosis is generally good with effective 
therapy. 
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“igure 8.120. A. The clinical manifestation of conjunctival lymphosarcoma in a dog. B. A conjunctival biopsy of the same dog reveals a diffuse population 
« round cells with scant cytoplasm and nuclei characteristic of lymphosarcoma. (Hematoxylin and eosin stain, original magnification 400X.) 


Figure 8.121. A histologic section of an equine eyelid sarcoid. Note the 
prominent spindle cells and characteristic interlacing pattern. (Hematoxylin 
and eosin, original magnification 300X.) 


Eyelid melanomas are round to oval, black to brown 
tumors that involve eyelid skin of older animals (Fig. 8.122A). 
Light microscopic features include variable, pigmented, 
round- to spindle-shaped melanocytes with prominent nucle- 
oli (Fig. 8.122B). Most eyelid melanomas are benign and 
should be termed melanocytomas. Occasional eyelid 
melanomas are malignant based on the pleomorphic cells with 
mitotic index greater than 2 per high-power field with evi- 
dence of invasive growth into the dermis and subcutaneous 
tissues. Malignant melanomas are often accompanied by 
ulceration and inflammation. Poorly pigmented melanomas 
can be difficult to diagnosis on the basis of morphology, and 


immunohistochemical stains, including S-100, tyrosinase, 
HMSAS, and melanin A, may be useful to confirm the 
diagnosis. 

Conjunctival melanoma, in contrast, is usually malignant, 
and without effective therapy, these neoplasms are invasive 
and prone to metastasize.” Gross examination reveals a 
black to brown, flat to nodular mass that grows through the 
conjunctiva (Fig. 8.123). The bulbar surface of the third eyelid 
is the most common site of origin. Light microscopic exami- 
nation of biopsies or enucleation or exenteration specimens 
confirms the diagnosis. The neoplastic melanocytes are usu- 
ally heavily pigmented and vary from round- (epithelial) to 
spindle-shaped cells. One of the characteristics of these 
melanomas is junctional activity in which nests of neoplastic 
melanocytes extend out from the primary neoplasm at the bor- 
der epithelium and substantia propria (Fig. 8.124). Conjuncti- 
val melanomas invade the subconjunctiva and orbit, and 
although a large prospective study is still lacking, these neo- 
plasms should be considered malignant, and they may recur 
and metastasize when incompletely removed. 

Conjunctival hemangioma and hemangiosarcomas are 
occasionally diagnosed in dogs, horses, and other domestic 
animals.”*-*4 Clinical features include a vascular mass 
that often develops in the bulbar conjunctiva and extends 
into the cornea (Fig. 8.125). Light microscopic features 
confirm the diagnosis. Hemangiomas are characterized 
with well-differentiated capillaries, pleomorphic hyper- 
chromatic spindle cells, and prominent hyalinized collagen 
beams (Fig. 8.125c). Hemangiosarcomas have poorly dif- 
ferentiated endothelial cells, lack well-developed capillar- 
ies, and are consistently invasive. The poorly differentiated 
hemangiosarcomas may require immunohistochemistry to 
confirm the diagnosis. Hemangiosarcomas are malignant, 
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(b) 


Figure 8.122. A. Eyelid melanoma in a Golden Retriever. Note the black, pedunculated eyelid tumor. B. Plump melanocytes arranged in bundles with 
hyperplastic epithelium typical of eyelid melanomas. These eyelid melanomas are usually benign, and excisional biopsies are curative. (Hematoxylin and 


eosin stain, original magnification 300X.) 


Figure 8.123. Conjunctival melanoma, when ignored, can invade and 
metastasize. Note the involvement of the conjunctiva, third eyelid, and 
cornea in this exenteration specimen. 


and recurrence at the original site and metastasis, espe- 
cially in horses, are reported,”™=?* while hemangiomas are 
benign. 


Corneal and Scleral Neoplasia 


Although the cornea is commonly invaded by squamous 
cell carcinoma, and occasionally by vascular neoplasms, 


Figure 8.124. Conjunctival 
anisokaryosis and several mitotic figures. The malignant melanomas will 
grow in tendrils and establish small packets of neoplastic cells, often away 
from the apparent edges of the tumor. (Hematoxylin and eosin stain, origi- 
nal magnification 300X.) 


melanoma with anisocytosis and 


conjunctival melanoma, and peripheral nerve sheath tumors, 
the primary neoplasms of the cornea are limited to limbal 
melanocytoma™*!~*“4 and occasionally primary corneal squa- 
mous cell carcinoma.”4> There are no primary scleral neo- 
plasms reported, although several primary conjunctival and 
intraocular neoplasms invade the sclera; the orbital, conjunc- 
tival, and intraocular neoplasia discussions in this chapter 
provide further detail. 

Limbal melanocytoma is a relatively common primary 
neoplasm of the cornea and sclera of the dog, and it occasion- 
ally occurs in other species (cats).““* Limbal melanocytomas 


m 
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` Figure 8.125. A. Gross section of a mature dog with a vascularized corneal tumor. B. Subgross section of this tumor reveals corneal and scleral invasion 


and multiple channels within the neoplasm. (Original magnification 2X.) C. Light microscopy of the tumor in A and B confirms the diagnosis conjunctival 
hemangiosarcoma. Note the well-differentiated vascular channels containing red blood cells. (Hematoxylin and eosin stain, original magnification 350X.) 


are benign neoplasms that arise from a band of melanocytes 
located deep in the cornea apposed Descemet’s membrane. 
Their gross appearance is pathognomonic with a rainbow- 
shaped band of variably pigmented neoplastic cells that 
extend into the deep corneal stroma and a mass of similar cells 
that extend outward toward the limbus and into the 
episclera, Tenon’s capsule, superficial cornea, and conjunctiva 
(Fig. 8.126A). Light microscopy reveals a bland population of 
often well-pigmented melanocytes that preclude examination 
of cellular morphology without bleaching (Fig. 8.126B). Once 
the melanin is bleached, the cellular morphology confirms the 


benign nature of these neoplasms. The melanocytes manifest 
with mild anisocytosis, variably sized nucleoli, and minimal 
mitotic figures and tissue invasion; two cell types are present, 
a bland spindle cell and a large, noncohesive, melanin-laden 
cell, with the intercytoplasmic pigment displacing the nucleus 
to the periphery of the cell. Limbal melanomas occur in two 
age groups of dogs: young animals in which limbal 
melanomas manifest clinically with continued local growth 
into the limbal tissues, necessitating removal to prevent ongo- 
ing ocular involvement; and dogs older than 8 years in which 
the limbal melanomas are slow to enlarge and can be observed 


weasel 
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Figure 8.126. A. Limbal melanoma in cat. Note the small, fan-shaped, deep corneal extension and the extension of the melanoma under the conjunctiva. 
No intraocular melanoma was present in this eye. B. Histology from a limbal melanoma in a cat. The predominate cell is a plump melanocyte of this benign 
neoplasm. Occasional pigmented spindle cells are present. (Hematoxylin and eosin stain, original magnification 300X.) 


without therapy. Regardless of growth, these melanocytomas 
do not metastasize, and local invasion of limbal tissues are the 
extent of damage of these neoplasms. In cats, the tumors are 
usually benign and tend to be slow-growing. 

Primary corneal squamous cell carcinoma is uncommon in all 
animals.“© The gross manifestations include a friable, pink 
corneal mass that is not attached to the limbus. The light micro- 
scopic findings are similar to that described for conjunctival 
squamous cell carcinoma and include epithelial atypia, hyper- 
chromasia, mitoses, anaplasia, and invasion of the stroma. The 
differential diagnoses of corneal squamous cell carcinoma 
include extension from a primary conjunctival site, corneal carci- 
noma in situ, corneal papilloma, and conjunctival inclusion cysts. 
Chronic corneal exposure is reported as a predisposing cause.?“° 


Intraocular Neoplasia 


Intraocular neoplasia includes a variety of primary neoplasms 
of the uvea and its lining epithelium and many metastatic neo- 
plasms. Most of the primary neoplasms are benign; however, 
their growth and induction of vascular tissues and inflammation 
often contribute to eye-threatening complications. The clinical 
and histologic features of common primary and metastatic 
intraocular neoplasms reported are listed in Table 8.10. 


Uveal Neoplasia 


Uveal melanomas are the most common intraocular neo- 
plasms. The differentials that should be considered during the 
clinical examination include iridal nevi and freckles and uveal 
cysts. The former are common in all species and can be differ- 
entiated from uveal melanomas by their sessile nature, flat 


appearance, and lack of enlargement over time. Uveal cysts 
are round to oval and contain fluid that can be documented by 
retroillumination or ultrasound. Histologically, the freckles 
and the nevi are benign collections of plump melanocytes. 

Anterior uveal melanocytomas and melanomas manifest 
clinically in either a nodular or diffuse form and develop from 
the iris, ciliary body, or choroid.” In dogs and horses, the 
nodular anterior uveal melanocytomas are the most common 
and manifest as brown to black tumors that extend into ante- 
rior or posterior chambers or the vitreous (Fig. 8.127A). With 
continued growth, they can extend outward to the sclera and 
grow along the path of least resistance (Figs. 8.127B and C). 
They commonly extend out of the globe along the aqueous 
collecting veins at the limbus, along the choroid, and out by 
the optic nerve. Anterior uveal melanomas vary considerably 
in pigmentation, and poorly pigmented and amelanotic types 
are often misdiagnosed clinically as ciliary epithelial 
neoplasms. Anterior uveal melanomas are typically a benign 
neoplasm that extend into ocular tissues and induce inflamma- 
tion and preiridal fibrovascular membranes. Malignant vari- 
ants do occur; however, enucleation before the melanoma 
extends beyond the globe is usually curative. When 
melanomas are examined with light microscopy, the two cell 
types described for limbal melanocytomas are observed: (a) 
the more common, plump, overdistended pigmented 
melanocytic cell represents the end-stage postmitotic cell, and 
(b) the germinal melanocytic cell, which is less pigmented, is 
fusiform in shape, and contains a prominent central nucleus 
(Fig. 8.127D). Mitotic figures are uncommon except in the 
occasional more malignant variety that account for less than 
5% of the total population of these neoplasms.?5%-260 
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Neoplasm 


Diffuse iris melanoma 


Choroidal melanoma 


Ciliary adenoma 


Ciliary adenocarcinoma 


Medulloepithelioma 


Retinoblastoma 


Feline intraocular 
sarcomas 


Intraocular nerve 

sheath tumors 
Intraocular 

leiomyosarcoma 
Hemangiomas of 

the iris and ciliary body 
Optic nerve meningioma 


| Other optic nerve 
neoplasms 


Extraskeletal 
Intraocular 
osteosarcoma 


Species 


Cat, occasionally 
seen in dogs 


Dog 


Dog, cat 


Cat, dog, 
occasionally other 
species 


Dog, cat, 
occasionally other 
species 


Dog, llama 
(single reports); 
rare in any species 
Reports limited 
to cats 


Rare; dog, cat 
Rare; dog 
Rare in any species 


Most common optic 
nerve neoplasm in 
any species 

Gliomas, 
astrocytomas, etc.; 
rare in all species 

Rare (single 
report in dog) 


Gross Appearance 


or ciliary mass (Fig. 8.127A & B) 


Diffuse brown iridal thickening 
(Fig. 8.129A) 


Brown choroidal mass 
(Fig. 8.128A) 


Pink to light brown mass that 
grows into the vitreous behind the 
lens or into the posterior chamber 
and through the pupil or into the 
anterior chamber through the iris 
(Fig. 8.132A) 


Ciliary, iridal to anterior choroidal tumors 
often accompanied by inflammation 


Young animal with leucocoria, hyphema, or 
a white mass arising from the ciliary body 
and extending into the vitreous (Fig. 8.134A) 


Retinal—choroidal mass 
in a young animal 


Yellow-tan-white, rapidly growing 
intraocular mass (Fig. 8.131A) 


Pale gray iridal or ciliary tumors 
Gray iridal, anterior or posterior tumor 
Vascularized mass in iris or ciliary body 


Pale gray mass that extends from the 
orbit into the optic disc uncommonly 
(most induce exophthalmos) (Fig. 8.136A) 


Gray optic nerve mass 


Uveitis 


Table 8.10 Gross and Histologic Characteristics of the Primary Intraocular Neoplasms and Some Metastatic Neoplasms 


[a 2 | 
Histologic Features 


Nodular uveal melanoma Dog, horse, cat Nodular variably pigmented iridal tumor, Variably pigmented spindle to 


ovoid cells with small, round, or 
slightly elongated nuclei and 
large, round, heavily pigmented 
cells (Fig. 8.127C & D) 


Iris is thickened by spindle to oval, 
often lightly pigmented cells with 
prominent nucleoli; usually 
mitotic figures are rare and 
extend out through sclera around 
the aqueous collecting veins 
(Fig. 8.129B) 


Choroidal location is key to 
diagnosis, variably pigmented 
spindle to polyhedral cells with 
eccentric nuclei and single 
nucleoli, will invade the sclera 
often extending into the orbit 
around the optic nerve (Fig. 
8.128B & C) 


Tumor is composed of sheets and 
cords of pale-staining cuboidal 
columnar cells with eosinophillic 
or cytoplasm that may contain a few 
melanin granules and distinct 
basement membranes (Fig 8.132B & C) 


Solid sheets of epithelial cells with less 
differentiation and prominent mitotic 
figures, pleomorphism, and invasion of the 
ciliary body, choroid, and iris (Fig. 8.133) 


Nonteratoid: contain cells that resemble 
RPE and ciliary epithelium and neuroglia 
(Fig. 8.134B & C) 

Teratoid: contain hyaline cartilage, bone 
rhabdomyoblasts, neuroglia, and 
mesenchymal cells 


Small, neuroblastic cells with hyperchro- 
matic nuclei and scant cytoplasm with 
rosettes and pseudorosettes formation 


Cell types are variable and include plump 
spindle cells to round cells, to giant cells 
(Fig. 8.131B & C) 


Interlacing bundles of spindle cells with 
Antoni A or B patterns 


Spindle cells resembling smooth muscle 


Vascular cords and sinuses with plump, 
endothelial-like cells 


Whorls and nests of spindle cells that 
arise from the meninges; calcification is 
common (Fig. 8.136B) 


Small, round cells with 
prominent nuclei (Fig. 8.135) 


Pleomorphic spindle cells 
with osteoid production 


(continued) 
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Table 8.10 Gross and Histologic Characteristics of the Primary Intraocular Neoplasms and Some Metastatic Neoplasms (continued ) 


| 
| 
| 
j 
i 
i 
| 
f 


Metastatic intraocular May occur in Uveitis (hyphema, Variable depending on the primary ! 
neoplasms all species aqueous, and vitreous flare), neoplasms (mesenchymal: f 
with chronic systemic retinal detachment, Fig. 8.137A & B; round cell: Fig. 8.138: 
metastatic neoplasia secondary glaucoma, cataract epithelial: Fig. 8.139); most invade the 


ciliary body and choroid 


Figure 8.127. A. Clinical appearance of a nodular uveal melanoma in a dog. B. Gross section of a dog's eye with a nodular uveal melanoma. Note the black 
nodular mass extends throughout the anterior uvea. C. Subgross section of a dog's eye with nodular uveal melanoma noted in B. Note the involvement of the 
ciliary body and iris. (Hematoxylin and eosin stain, original magnification 2X.) D. Histologic section of a nodular melanoma noted in B and C. Note the anisocy- 
tosis, anisokaryosis, prominent distinctive nucleoli, and cytoplasm with occasional pigment granules. (Hematoxylin and eosin stain, original magnification 
400X.) 


Choroidal melanocytomas are much less common in 
domestic animals than in humans. Choroidal melanocytomas 
originate in the choroid (Fig. 8.128A) and display morphol- 
ogy and behavior similar to that of anterior uveal 
melanomas.”°**° They are typically diagnosed later in their 
course of disease because of their hidden location. They mani- 
fest grossly as heavily pigmented choroidal tumors; if they 
extend through the basement membrane of the RPE, they will 
extend under the retina, induce detachment, and extend into 
the vitreous (Fig. 8.128B). Choroidal melanocytomas also 
grow slowly and follow the path of least resistance and usually 


Chapter 8: Fundamentals of Veterinary Ophthalmic Pathology e 423 


extend out of the globe into the orbit around the optic nerve. 
Poorly pigmented choroidal melanocytomas are uncommon. 
The pigmented choroidal melanomas must be bleached to 
allow the pathologist to evaluate the cellular detail. The histo- 
logic appearance is typical of most uveal melanomas and 
includes variably pigmented, round to polyhedral cells, which 
vary from plump cells with pyknotic nuclei to plump or slen- 
der spindle cells or even small, epitheliod cells (Fig. 8.128C). 
Mitotic figures vary from none to significant numbers. Only 
occasional malignant versions of these choroidal melanomas 
will metastasize. 


Figure 8.128. A. Gross section of a Bouin’s-fixed eye from a dog with a brown choroidal tumor that extends into the sclera and through the choroid. 
B. Subgross appearance of a choroidal melanoma in a dog. This melanoma is invading the orbit, and a large preiridal fibrovascular membrane is present. 
(Hematoxylin and eosin stain, original magnification 2X.) C. The light microscopic features of choroidal melanoma are similar to other uveal melanomas. 
They commonly exit the globe along a path of least resistance orbit around the optic nerve. (Hematoxylin and eosin stain, original magnification 100X.) 
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Diffuse iris melanomas occur in cats as a variably brown 
pigmented neoplasm that originates in the anterior iridal 
border, and as these neoplastic cells proliferate, they obliterate 
the iris architecture and extend out the filtration angle 
(Fig. 8.129A).7°’*8 The cells are noncohesive and may be 
seen within the aqueous, on the anterior lens capsule, and 
seeding the outflow pathway. The light microscopic appear- 
ance includes a pleomorphic bland population of oval to round 
epithelial cells that contain prominent, small, round nuclei 
that are usually displaced to the periphery (Fig. 8.129B). The 


6) 


Figure 8.129. A. The subgross characteristics of a malignant feline dif- 
fuse iridal melanoma. Note the thickened, heavily pigmented iris and exten- 
sion through the sclera around the aqueous collecting veins. The unusual 
findings in this eye were the anterior lens capsule rupture and detached 
retina. (Periodic acid-Schiff stain, original magnification 2X.) B. The histo- 
logic characteristics of diffuse iris melanoma in cats are varied; however, 
most of the neoplastic melanocytes are a bland population of plump cells 
with a displaced peripheral nucleus and limited numbers of spindle cells. 
Mitotic figures are usually uncommon, and nucleoli are inconspicuous. 
(Hematoxylin and eosin stain, original magnification 250X.) 


intracytoplasmic pigmentation is variable, and amelanotic 
forms are not uncommon. These melanomas will extend into 
the ciliary body and commonly exit the filtration angle and 
grow into the sclera and cornea. Secondary intraocular 
changes include glaucoma and mild uveitis. These melanomas 
are generally more malignant than the nodular melanocytoma, 
and some will metastasize; involvement of the scleral venoys 
plexus with melanoma cells within the aqueous Collecting 
veins warrants a poor prognosis. The percentage of cases that 
metastasize is unknown but may approach 20% of the tota] 
cases. This neoplasm is also induced as an animal model with 
intracameral feline sarcoma virus injections.*”** The pres. 
ence of these viral particles in spontaneous clinical cases jg 
unknown. However, PCR for this virus in two studies of a few 
naturally occurring feline diffuse iris melanomas has been 
inconclusive.7®!?82 

Primary intraocular spindle cell neoplasms are uncommon 
in all animals, and the reports are limited to a few miscella- 
neous spindle cell neoplasms of the uvea of dogs?®285 and 
posttraumatic sarcomas of cats.78!-8? 

Iridal tumors of blue-eyed dogs are unique, uncommon, low- 
grade spindle cell neoplasms that develop in dog breeds such as 
the Siberian Husky. These neoplasms manifest clinically as a 
flat or nodular vascularized iridal mass that will extend into the 
anterior chamber and ciliary body (Fig. 8.130). Light micro- 
scopic examination reveals a pleomorphic spindle cell popula- 
tion that most likely originates from iridal nerves. Metastasis of 
these spindle cell neoplasms has not been reported. Other inci- 
dental spindle cell uveal neoplasms include osteosarcoma,” 
peripheral nerve sheath neoplasms,”* and smooth muscle 


Figure 8.130. A well-vascularized iridal spindle cell neoplasm of a blue- 
eyed Siberian Husky. 


Jeiomyomas.”* The prognoses for these rare uveal spindle cell 
neoplasms are unknown. 

However, feline intraocular sarcomas are malignant and 
were originally reported as posttraumatic sarcomas. Most, or 
perhaps all, of these spindle cell sarcomas are associated with 
a ruptured lens.”! °° The clinical manifestations include 
Jeucocoria and evidence of a rapidly growing white mass. 
These neoplasms are malignant and invade the sclera and 
commonly exit the globe into the orbit around the optic nerve 
and at the filtration angle (Fig. 8.131A). Most, if not all, of 
these sarcomas probably develop from neoplastic changes in 
metaplastic lens epithelium, sometimes years after a lens 
capsule rupture. Light microscopy reveals a variable spindle 
cell neoplasm with many phenotypes. These may 
resemble osteosarcomas, fibrosarcomas, chondrosarcomas, 
and even giant cell varieties (Figs. 8.131B, C, and D). These 
pleomorphic neoplasms can resemble other intraocular 
neoplasms, including ciliary adenocarcinomas and some 
metastatic sarcomas and carcinomas, and immunohistochemi- 
cal staining is warranted in some cases.” When these spindle 
cells exit the globe, they may extend into the orbit and cranial 
vault and metastasize to the lung, liver, and other organs. 


Ocular Neuroectodermal Neoplasms 


Neoplasia of neuroectoderm of animals are considered uncom- 
mon (ciliary adenomas and adenocarcinomas) and rare (medul- 
loepithelioma, retinoblastoma, astrocytomas, and gliomas). 
Several neoplasms of the neuroectoderm are reported in a vari- 
ety of species: iridociliary adenomas and adenocarcino- 
mas2??3. retinoblastoma? 5; ~medulloepitheliomas*”>*"*, 
and gliomas, astrocytomas, oligodendrocytomas, and glioblas- 
tomas.?!5 316 With the exception of some ciliary adenocarcino- 
mas, these neoplasms are considered benign, and metastasis is 
uncommon. 

Tridociliary adenomas are the most common of these neu- 
roectodermally derived neoplasms. The clinical manifesta- 
tions include a variably pigmented, usually pink to white 
endophytic tumor that displaces the iris forward or grows into 
the posterior chamber and through the pupil in front of the 
lens or into the vitreous behind the lens (Fig. 8.132A). Signs 
of uveitis, including hyphema and aqueous flare, occur with 
larger adenomas because preiridal fibrovascular membranes 
are commonly present. Light microscopic examination 
reveals variably pigmented papillary or solid tumors com- 
posed of neuroectoderm that is very similar in appearance to 
anterior uveal epithelium (Figs. 8.132B and C). Many cells 
are cuboidal, and they usually secrete prominent basement 
membranes. These neoplasms grow slowly, and metastasis has 
not been reported. 

Iridociliary adenocarcinomas are also rare neoplasms that 
manifest as a diffuse enlargement of the ciliary body and iris, 
and they may extend into the choroid. Uveitis is a common 
clinical manifestation. Light microscopy reveals sheets of 
epithelial-like cells with numerous mitotic figures, anisocyto- 
sis, and anisokaryosis with active invasion of intraocular 
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tissues (Fig. 8.133). These poorly differentiated neoplasms 
often require histochemical and immunohistochemical stains 
to differentiate them from intraocular sarcomas, metastatic 
carcinomas, lymphosarcomas, and melanomas in many 
species. Differentiating stains include positive staining with 
periodic acid-Schiff, neurospecific enolase, vimentin, and no 
staining with cytokeratin, melanocytic, and lymphosarcoma 
markers.”°° Asteroid hyalosis and preiridal fibrovascular 
membranes are commonly associated with both benign and 
malignant iridociliary neoplasia. 

Medulloepitheliomas are primitive neuroectodermal neo- 
plasms that are congenital, although they may not manifest 
clinically until the affected animal is several months to years 
old. They have been reported in horses, dogs, and lla- 
mas.*°3!4 The clinical manifestations include a leucocoria 
due to a pink to white endophytic papillary mass that extends 
into the vitreous or, less commonly, the posterior chamber 
(Figs. 8.134A and B). These neoplasms develop from primi- 
tive pluripotential neuroectoderm destined to become iridocil- 
iary epithelium. Light microscopic examination reveals sheets 
and rosettes of primitive neuroblasts with elongated cells with 
prominent basement membranes (Fig. 8.134C). These neo- 
plasms often contain islands of muscle, cartilage, bone, and 
primitive vitreous and neurogenic tissue—hence the common 
term teratoid medulloepithelioma. Medulloepitheliomas are 
easily misdiagnosed as retinoblastoma, which is not surpris- 
ing given the origin of both from neuroectoderm that lines the 
primitive optic cup. 

Retinoblastomas are very rare in domestic animals," 
although it is the most common primary intraocular neoplasm 
in humans. The clinical manifestations are leucocoria caused 
by an endophytic vitreous tumor that is variably pigmented. 
Histologic features include rosettes and fluerettes of primitive 
neuroblast cells that were destined to become retina. 

Primary neoplasia of the neuroectoderm of the optic nerve 
is uncommon and includes gliomas and astrocytomas. These 
neoplasms are rare, and the clinical manifestations and light 
microscopic descriptions and features are limited to a few 
reports.*!>**! Clinical manifestations of gliomas of the optic 
nerve and retina include pale masses that extend from the optic 
nerve into the vitreous. Light microscopy reveals a mass of 
glial cells. There are varied types, including astrocytomas (Fig. 
8.135), oligodendroglioma, ependymoma, and astrocytoma. 
To differentiate these gliomas, immunohistochemistry is 
required.*'> 316 The prognosis for these rare neuroectodermal 
neoplasms is unknown. 


Neoplasia of the Neural Crest Tissues of the Optic Nerve 


Meningiomas arise from the meninges that envelope the 
optic nerve and brain.*?-*2” When meningiomas extend into 
orbital tissues (Fig. 8.136A) or the eye, the clinical manifes- 
tations include exophthalmos and third eyelid prolapse. His- 
tologic features include epithelioid cells arranged in nests 
(Fig. 8.136B). Other cellular variations include more primi- 
tive mesenchymal cells with prominent cytoplasm, and often 
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(b) 


Figure 8.131. A. Feline intraocular 
sarcomas are aggressive neoplasms that 
will often encircle the inside of a eye ang 
obliterate the anterior and posterior seg- 
ment and extend out through the sclera. 
B. A mixed neoplastic cell type of feline 
intraocular sarcoma. There is bone produc- 
tion and marked anisocytosis and 
anisokaryosis. (Periodic acid-Schiff Stain, 
original magnification 300X.) C. A foamy 
spindle cell variant of feline intraocular sar- 
coma. (Periodic acid-Schiff stain, original 
magnification 300X.) D. Feline intraocular 
sarcomas are malignant, and extension 
through the sclera is common. Note the 
neoplastic cells invading the sclera and 
extension into the episclera. (Periodic acid- 
Schiff, original magnification 250X.) 


Figure 8.132. A. Ciliary adenomas are 
usually pink-colored masses that grow 
around the lens and become visible through 
the pupil, as present in this American Cocker 
Spaniel. B. A dense, cellular tumor has 
grown into the vitreous off the ciliary 
processes and has the typical subgross 
appearance of a ciliary adenoma in this cat. 
C. A histologic section of the ciliary ade- 
noma noted in B. Note the characteristic 
cords of epithelial cells with pale blue cyto- 
plasm and prominent basement mem- 
branes. There are many similarities to the 
normal nonpigmented ciliary epithelium on 
the ciliary process, confirming a well-differ- 
entiated benign adenoma. (Periodic acid- 
Schiff stain, original magnification 300X.) 


5 Oa 
Figure 8.133. Ciliary adenocarcinomas are variable in appearance and 
can resemble intraocular sarcomas and even medulloepitheliomas. They 
produce prominent basement membranes and grow in sheets. They usually 
have some of the characteristics of ciliary epithelium, including the round to 
oval nucleus, as noted in this globe. (Periodic acid-Schiff stain, original 
magnification 400X.) 
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there are areas of osseous or cartilaginous metaplasia that 
account for the calcification noted on imaging studies of 
these neoplasms. Meningiomas are usually benign, although 
they will grow into adjacent orbital tissues. Metastasis has 
been reported,” but many are slow growing and relatively 
benign neoplasms. 


Metastatic Ocular Neoplasia 


Metastatic neoplasia to the eye does occur, and as radiation 
therapy and chemotherapy extends life expectancy, an 
increased number of metastatic ocular neoplasms would be 
expected. All malignant neoplasms could metastasize to the 
ocular tissues given the prominent vascular supply to the eye 
and orbit. Lymphosarcoma is the most common metastatic 
ocular neoplasm. 

The clinical manifestations of metastatic ocular disease 
are nonspecific and include exophthalmos if the metastases 
are in the orbit or uveitis when the ocular tissues are invaded. 
We limit our description to general histologic features of 
metastatic ocular neoplasms. Most intraocular metastatic 
neoplasms manifest clinically as an anterior uveal tumor 


Figure 8.134. A. A gross section of an ocular medulloepithelioma. B. Subgross section ọf a medulloepithelioma. These neoplasms originate from the 
immature ciliary epithelium and extend into the vitreous or, as in this specimen, under the retina and through the iris. (Periodic acid-Schiff stain, original mag- 
nification 2X.) C. Rosettes are one of the characteristics of medulloepitheliomas. (Hematoxylin and eosin stain, original magnification 300X.) 
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Figure 8.135. Subgross section of a dog’s eye containing an optic nerve 
astrocytoma. Note the neoplasm is centered on the optic disc and extends 
into the vitreous cavity. (Hematoxylin and eosin stain, original magnification 
2X.) (Reprinted with permission, Caswell J, Curtis C, Gibbs B. Astrocytoma 
arising at the optic disc in dog. Can Vet J 1999;40:427—428.) 


and/or choroidal mass with or without retinal detachment 
These neoplasms induce significant uveitis with aqueous 
flare and hyphema. These metastatic neoplasms extend into 
the uvea via the ciliary and choroidal arteries and extend into 
the ocular tissues (Fig. 8.137A). The cellular characteristic of 
epithelial cells, mesenchymal (Fig. 8.137B), and round cel] 
malignant neoplasms assist the pathologist in the selection of 
appropriate histochemical and immunohistochemical differ- 
entiating labels. These metastatic neoplasms are often 
anaplastic and easy to misdiagnose as malignant primary 
intraocular neoplasms. Lymphosarcomas are round cell 
neoplasms that invade anterior uveal tissues and choroid 
(Fig. 8.138). They are also the most common metastatic neo- 
plasms to the orbit and eyelid tissues. They are easily identi- 
fied by common lymphocytic markers. Carcinomas will also 
metastasize to ocular tissues, most commonly choroid, ciliary 
body, and iris. These include renal, respiratory, mammary, 
and gastrointestinal carcinomas that are often so anaplastic 
that the original tissue of origin is not discernable. These car- 
cinomas often grow in sheets on the surfaces of intraocular 
tissues (Fig. 8.139). They also produce prominent basement 
membranes and most will stain readily with cytokeratins 
markers.?° 


(a) 


6) 


Figure 8.136. A. Subgross section of a dog's eye with an orbital meningioma. Note the invasion of the orbital tissues by this neoplasm. (Hematoxylin and 
eosin stain, original magnification 2X.) B. Histologic section of the optic nerve meningioma in A. Note the characteristic pale pink cytoplasm, small, dark- 
staining nuclei and packets of neoplastic cells. (Hematoxylin and eosin stain, original magnification 400X.) 
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Figure 8.137. A. Metastatic uveal neoplasia in a dog. The white tissue is the neoplasm and is in a location consistent with many metastatic intraocular 
tumors. These metastatic neoplasms enter the globe by blood vessels and invade the uveal tissues, often growing in the ciliary body and choroid initially. 
(Original magnification 1X.) B. Histologic section of a ciliary process from a dog's eye with a poorly differentiated metastatic sarcoma. Note how this metasta- 
tic sarcoma distends the ciliary process and extends into the vitreous. (Hematoxylin and eosin stain, original magnification 300X.) 


Figure 8.139. Metastatic carcinoma extending in sheets over the ciliary 
body of a cat. (Periodic acid-Schiff stain, original magnification 300X.) 


Figure 8.138. Metastatic choroidal lymphosarcoma in a cat. (Hema- 
toxylin and eosin stain, original magnification 2X.) 


430 * SECTION II: Foundations of Clinical Ophthalmology 


REFERENCES 


1. 


13. 


16. 


19. 


20. 


2 


Sasoh M, Ma N, Yoshida S, Semba R, Uji Y. Immunocyto- 
chemical localization of glutamate in normal and detached 
cat retina. Invest Ophthalmol Vis Sci 1998; 39: 786-792. 
Hale F. The relation of vitamin A to anophthalmos in pigs. 
Am J Ophthalmol 1935; 18: 1087-1093. 

Bendixen HC. Littery occurrence of anophthalmia or 
microphthalmia together with other malformations 
in swine—presumably due to vitamin A deficiency of the 
maternal diet. Acta Pathol Microbiol Scand (suppl) 1944; 
54: 161-179. 

Leipold HW, Huston K. Congenital syndrome of anoph- 
thalmia-microphthalmia together with associated defects in 
cattle. Vet Pathol 1968; 5: 407-418. 

Binns W, et al. A congenital cyclopean-like malformation in 
lambs. J Am Vet Med Assoc 1959; 134: 180-183. 

Binns W, et al. Chronological evaluation of teratorgenesis in 
sheep fed Veratrum californicum. J Am Vet Med Assoc 1963, 
147: 839-842. 

Robinson MS, Holmgren A, Dewey MJ. Genetic control of 
ocular morphogenesis: Defective lens development associ- 
ated with ocular abnormalities in CS7BL/6 mouse. Exp Eye 
Res 1993; 56: 7-16. 

Brown GC, Sheilds JA, Patty BE, Goldberg RE. Congeni- 
tal pits of the optic nerve head. Arch Ophthalmol 1979; 97: 
1341-1344. 

Roberts SR, Dellaporta A, Winter FC. The collie ectasia syn- 
drome. Am J Ophthalmol 1966; 62: 728-752. 

Roberts SR. Congenital posterior ectasia in the sclera of col- 
lie dogs. Am J Ophthalmol 1960; 50: 451-465. 

Roberts SR, Dellaporta A, Winter FC. Pathologic alterations 
in the eyes of puppies one to fourteen days of age. Am J Oph- 
thalmol 1966; 61: 1458-1466. 

Roberts SR, Dellaporta A, Winter FC. Pathologic alterations 
in the eyes of young and adult dogs. Am J Ophthalmol 1966; 
62: 728-752. 

Silverstein AM, Osburn BI, Prendergast RA. The 
pathogenesis of retinal dysplasia. Am J Ophthalmol 1971; 
72; 13-21. 

Rubin LE. Inherited Eye Diseases of Purebred Dogs. Balti- 
more: Williams and Wilkins, 1989. 

Carrig CB, Sponenberg DP, Schmidt GM, Tvedten HW. Inher- 
itance of associated ocular and skeletal dysplasia in Labrador 
retrievers. J Am Vet Med Assoc 1988; 193: 1269-1272. 
Meyers VN, Jezyk PF, Aguirre GD, Patterson DF. Short- 
limbed dwarfism and ocular defects in Samoyed dog. J Am 
Vet Med Assoc 1983; 183: 975-978. 

Whiteley HE. Dysplastic canine retinal morphogenesis. 
Invest Ophthalmol Vis Sci 1991; 32: 1492-1498. 

Grahn BH, Storey ES, McMillan C. Inherited retinal dyspla- 
sia and persistent hyperplastic primary vitreous in miniature 
Schnauzer dogs. Vet Ophthalmol 2004; 7: 151-158. 

Albert DM, Lahav M, Carmichael LE, Percy DH. Canine 
herpes-induced retinal dysplasia and associated ocular anom- 
alies. Invest Ophthalmol Vis Sci 1976; 15: 267-278. 

Bistner SI, Rubin LE, Saunders LZ. The ocular lesions of 
bovine viral diarrhea-mucosal disease. Pathol Vet 1970; 7: 
275-286. 

Kilman JH, Young GA, Luedke AJ, Kitchell RC. The experi- 
mental production of malformations in fetal pigs by means of 


N 
N 


23. 


30. 


31. 


82: 


83: 


34. 


35. 


36. 


Si 


38. 


39. 


40. 


41. 


42. 


attenuated hog cholera virus. Proc Am Vet Med Assoc 1953. 
90: 147-150. i 
Percy DH, Danylchuk KD. Experimental retinal dysplasia 
due to cytosine arabinoside. Invest Ophthalmol Vis Sci 1977; 
16: 353-364. 

Gottschall-Pass KT, Grahn BH, Gorecki DKJ, Paterson PG, 
Oscillatory potentials and light microscopic changes demon- 
strate an interaction between zinc and taurine in the develop- 
ing rat retina. J Nutr 1997; 127: 1206-1213. 

Barnett KC, Grimes TD. Bilateral aplasia of the optic nerye 
in a cat. Brit J Ophthalmol 1974; 58: 663-667. 

Ernest JT. Bilateral optic nerve hypoplasia in a pup. J Am Vet 
Med Assoc 1976; 168: 125-128. 

Gelatt KN, Leipold HW. Bilateral optic nerve hypoplasia in 
two dogs. Can Vet J 1971; 12: 91-96. 

Kern TJ, Riis RC. Optic nerve hypoplasia in three miniature 
poodles. J Am Vet Med Assoc 1981; 178: 49-54. 

Hayes KC, Nielsen SW, Eaton HD. Pathogenesis of optic 
nerve lesion in vitamin A-deficient calves. Arch Ophthalmol 
1968; 80: 777-787. 

Scott FW, de LaHunta A, Schultz RD, Bistner SI, Riis RC, 
Teratogenesis in cats associated with griseofulvin therapy, 
Teratology 1974; 11: 79-86. 

Cullen CL, Grahn BH. Congenital glaucoma in a Llama 
(Llama glama). Vet Comp Ophthalmol 1997; 7: 253-257, 
Halenda RM, Grahn BH, Sorden SD, Collier LL. Congenital 
equine glaucoma: Clinical and light microscopic findings in 
two cases. Vet Comp Ophthalmol 1997; 7: 105-109. 

Van der Linde-Sipman JS, Stades FC, de Wolff-Rouendaal 
D. Persistent hyperplastic tunica vasculosa lentis and 
persistent hyperplastic primary vitreous in the Doberman 
pinscher: Pathologic aspects. J Am Anim Hosp Assoc 1983; 
13: 791-802. 

Leon A, Curtis B, Barnett KC. Hereditary persistent hyper- 
plastic primary vitreous in the Staffordshire bull terrier. J Am 
Anim Hosp Assoc 1986; 22: 765-774. 

Van Rensburg IBJ, Petrick SW, van der Lugt JJ, Smit M. 
Multiple inherited eye anomalies including persistent hyper- 
plastic tunica vasculosa lentis in Bouvier des Flandres. Prog 
Vet Comp Ophthalmol 1992; 2: 133-139. 

Venter IJ, van der Lugt JJ, van Rensburg IBJ, Petrick SW. 
Multiple congenital eye anomalies in Bloodhound puppies. 
Vet Comp Ophthalmol 1996; 6: 9-13. 

Barnett KC. Imperforate and micro-lachrymal puncta in the 
dog. J Sm Anim Pract 1979; 20: 481-490. 

Grahn BH, Mason RA. Epiphora associated with dacryops in 
a dog. J Am Anim Hosp Assoc 1995; 31: 15-19. 

Gerding PA. Epiphora associated with canaliculops in a dog. 
J Am Anim Hosp Assoc 1991; 27: 424-426. 

Peiffer RL. Bilateral congenital aphakia and retinal detach- 
ment in a cat. J Am Anim Hosp Assoc 1982; 18: 128-130. 
Kaswan RL, Martin CL, Chapman WL. Keratoconjunctivitis 
sicca: Histopathologic study of nictitating membrane and 
lacrimal gland from 28 dogs. Am J Vet Res 1984; 45: 112-1 17. 
Kern TJ, Erb HN, Schaedler JM, Dougherty EP. Scanning 
electron microscopy of experimental keratoconjunctivitis 
sicca in dogs: Cornea and bulbar conjunctiva. Vet Pathol 
1988; 25: 468-474. 

Martin CL, Munnell J, Kaswan R. Normal ultrastructure and 
histochemical characteristics of canine lacrimal glands. Am J 
Vet Res 1988; 49: 1566-1572. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


Sil, 


52. 


53) 


54. 


55. 


56. 


57. 


58. 


59) 


60. 


6l. 


62. 


Powell CC, Martin CL. Distribution of cholinergic and 
adrenergic nerve fibers in the lacrimal glands of dogs. Am J 
Vet Res 1989; 50: 2084-2088. 

MacMillan AD, Waring GO, Spangler WL, Roth AM. Crys- 
talline corneal opacities in the Siberian husky. J Am Vet Med 
Assoc 1979; 175: 829-832. 

Ekins MB, Waring GO, Harris RR. Oval lipid corneal opaci- 
ties in Beagles: Part II. J Am Anim Hosp 1980; 16: 601-605. 
Morrin A, Waring GO, Spangler W. Oval lipid corneal opaci- 
ties in Beagles: Ultrastructure of the abnormal Beagle 
cornea. Am J Vet Res 1982; 43: 443—453. 

Spangler WL, Waring GO, Morrin LA. Oval lipid corneal 
opacities in Beagles. V Ultrastructure. Vet Pathol 1982; 19: 
150-159. 

Waring GO, MacMillan A, Reveles P. Inheritance of crys- 
talline corneal dystrophy in Siberian Huskies. J Am Anim 
Hosp Assoc 1986; 22: 655-658. 

Gwin RM, Polack FM, Warren JK, Samuelson DA, Gelatt 
KN. Primary canine corneal endothelial cell dystrophy: Spec- 
ular microscopic evaluation, diagnosis and therapy. J Am 
Anim Hosp Assoc 1982; 18: 471-479. 

Martin CL, Dice PF. Corneal endothelial dystrophy in the 
dog. J Am Anim Hosp 1982; 18: 327-336. 

Bistner SI, Aguirre G, Shively JN. Hereditary corneal dystro- 
phy in the Manx cat: A preliminary report. Invest Ophthalmol 
Vis Sci 1976; 15: 15-26. 

Gelatt KN, Samuelson DA. Recurrent corneal erosions and 
epithelial dystrophy in the Boxer dog. J Am Anim Hosp Assoc 
1982; 18: 453-460. 

Kirschner SE, Niyo Y, Betts DM. Idiopathic persistent 
corneal erosions: Clinical and pathological findings in 18 
dogs. J Am Anim Hosp Assoc 1989; 25: 84-90. 

Ramsey D, Ketring K, Glaze M, Render J. Ligneous conjunc- 
tivitis in four Doberman pinschers. J Am Anim Hosp Assoc 
1996; 32: 439-447. 

Paulsen ME, Lavach JD, Snyder SP, Severin GA, Eichen- 
baum JD. Nodular granulomatous episclerokeratitis in dogs: 
19 cases (1973-1985). J Am Vet Med Assoc 1987; 190: 
1581-1587. 

Deykin AR, Guandalini A, Ratto A. A retrospective histopatho- 
logic study of primary episcleral and scleral inflammatory dis- 
ease in dogs. Vet Comp Ophthalmol 1997; 7: 245-248. 

Gelatt KN, Peiffer RL, Gwin RM, Gum GG, Williams LW. 
Clinical manifestations of inherited glaucoma in the beagle. 
Invest Ophthalmol Vis Sci 1977; 16: 1135-1142. 

Gelatt KN, Gum GG. Inheritance of primary glaucoma in the 
Beagle. Am J Vet Res 1981; 42: 1691-1693. 

Samuelson DA, Gum GG, Gelatt KN. Ultrastructural 
changes in the aqueous outflow apparatus of Beagles with 
inherited glaucoma. Invest Ophthalmol Vis Sci 1989; 30: 
550-561. 

Gum GG, Gelatt KN, Knepper PA. Histochemical localiza- 
tion of glycosaminoglycans in the aqueous outflow pathways 
in normal Beagles and Beagles with inherited glaucoma. 
Prog Vet Comp Ophthalmol 1993; 3: 52-57. 

Gelatt KN, McKay EO. Prevalence of the breed-related glau- 
comas in pure-bred dogs in North America. Vet Ophthalmol 
2004; 7: 97-111. 

Smedes SL, Dubielzig RR. Early degenerative changes asso- 
ciated with spontaneous glaucoma in dogs. J Vet Diagn Invest 


1994; 6: 459-263. 


Chapter 8: Fundamentals of Veterinary Ophthalmic Pathology e 431 


63. 


64. 


65. 


66. 


67. 


68. 


69. 


70. 


71. 


13k 


74. 


1S: 


76. 


elk 


78. 


79; 


80. 


81. 


82. 


83. 


Reilly CM, Mortis R, Dubielzig RR. Canine goniodysgenesis- 
related glaucoma: A morphologic review of 100 cases looking 
at inflammation and pigment dispersion. Vet Ophthalmol 2005; 
8: 253-258. 

Petersen-Jones SM. Abnormal ocular pigment deposition 
associated with glaucoma in the Cairn Terrier. J Sm Anim 
Pract 1991; 32: 19-22. 

van de Sandt RROM, Boeve MH, Stades FC, Kik MJL. 
Abnormal ocular pigment deposition and glaucoma in the 
dog. Vet Ophthalmol 2003; 6: 273-278. 

Lazarus JA, Pickett PJ, Champagne ES. Primary lens luxa- 
tion in the Chinese Shar Pei: Clinical and hereditary charac- 
teristics. Vet Ophthalmol 1998; 1: 101-107. 

Gwin RM, Samuelson DA, Powell GN, et al. Primary lens 
luxation in the dog associated with lenticular zonulae degen- 
eration and its relationship to glaucoma. J Am Anim Hosp 
1982; 18: 485-491. 

Foster SJ, Curtis R, Barnett KC. Primary lens luxation in the 
Border Collie. J Sm Anim Pract 1986; 27: 1-6. 

Curtis R, Barnett KC. Clinical and pathological observations 
concerning the etiology of primary lens luxation in the dog. 
Vet Rec 1983; 112: 238-246. 

Curtis R. Aetiopathological aspects of inherited lens disloca- 
tion in the Tibetan Terriers. J Comp Path 1983; 93: 151-163. 
Martin CL. Zonular defects in the dog: A clinical and scan- 
ning electron microscopic study. J Am Anim Hosp Assoc 
1978; 14: 571-579. 

Morris RA, Dubielzig RR. Light microscopic evaluation of 
zonular fiber morphology in dogs with glaucoma secondary 
to lens displacement. Vet Ophthalmol 2005; 8: 81-84. 
Narfstrom K, Ekesten B. Diseases of the canine ocular fun- 
dus. In: Gelatt KN, ed. Veterinary Ophthalmology. 3rd ed. 
Baltimore: Lippincott, Williams and Wilkins, 1999. 

Grahn BH, Philibert H, Cullen CL, et al. Multifocal retinopa- 
thy of Great Pyrenees dogs. Vet Ophthalmol 1998; 1: 221-231 
Grahn BH, Cullen CL. Retinopathy of Great Pyrenees dogs: 
Fluorescein angiography, light microscopy, and transmitting 
and scanning electron microscopy. Vet Ophthalmol 2001; 4: 
191-199, 

Grahn BH, Sandmeyer LS, Breaux CB. Retinopathy of 
Coton de Tulear dogs. Proc Am Coll Vet Ophthalmol 2005; 
36: 20. 

van der Woerdt A, Nasisse MP, Davidson MG. Sudden acquired 
retinal degeneration in the dog. Clinical and laboratory findings 
in 36 cases. Prog Vet Comp Ophthalmol 1991; 1: 11-18. 
Miller PE, Galbreath EJ, Kehren JC, Steinberg H, Dubielzig 
RR. Photoreceptor cell death by apoptosis in dogs with sud- 
den acquired retinal degeneration syndrome. Am J Vet Res 
1998; 59: 149-152. 

Lanum J. The damaging effects of light on the retina. Empiri- 
cal findings, theoretical and practical implications. Surv Oph- 
thalmol 1978; 22: 221-249. 

Sadda SR, Yu YS, de Yuan E, Rencs EV, Green WR, Gottsch 
JD. Photosensitization-induced retinopathy in the newborn 
Beagle. Invest Ophthalmol Vis Sci 1994; 35: 1202-1211. 
Buyukmichi N. Photic retinopathy in the dog. Exp Eye Res 
1981; 33: 95-109. 

Kuwabora T, Gorn RA. Retinal damage by visible light. Arch 
Ophthalmol 1968; 79: 69-78. 

Jamieson VE, Davidson MG, Nasisse MP, English RV. Ocu- 
lar complications following cobalt 60 radiotherapy of 


432 e SECTION II: Foundations of Clinical Ophthalmology 


84. 


85. 


86. 


87. 


88. 


89. 


90. 


Olle 


92: 


g3 


94. 


95: 


96. 


oT 


98. 


99. 


100. 


101. 


102. 


103. 


neoplasms in the canine head region. J Am Anim Hosp Assoc 
1991; 27: 51—60. 

Roberts SM, Lavach JD, Severin GA, Withrow SJ, Gillette 
EL. Ophthalmic complications following megavoltage irradi- 
ation of the nasal and paranasal cavities in dogs. J Am Vet 
Med Assoc 1987; 190: 43—47. 

Peiffer RL, Wright W, Steinbok P, Mahaley MS. Long-term 
study of the ocular effects of orthovoltage irradiation in rats. 
Am J Vet Res 1981; 42: 1598—1605. 

West-Hyde L, Buyukmihci N. Photoreceptor degeneration in 
a family of cats. J Am Vet Assoc 1982; 181: 243-248. 

Rubin LF, Lipton DE. Retinal degeneration in kittens. J Am 
Vet Med Assoc 1973; 162: 467-469. 

Barnett KC, Curtis R. Autosomal dominant progressive reti- 
nal atrophy in Abyssinian cats. J Hered 1985; 76: 168-170. 
Leon A, Curtis R. Autosomal dominant rod-cone dystrophy 
in the rdy cat. 1. Light and electron microscopic findings. Exp 
Eye Res 1990; 51: 361-381. 

Narfstrom K, Nilsson SE. Progressive retinal atrophy in the 
Abyssinian cat. Invest Ophthalmol Vis Sci 1986; 27: 
1569-1576. 

Narfstrom K, Nilsson SE. Morphological findings during 
retinal development and maturation in hereditary rod cone 
degeneration in Abyssinian cats. Exp Eye Res 1989; 49: 
611-628. 

Narfstrom K, Wrigstad A, Nilsson SEG. The Briard dog: A 
new animal model of congenital stationary night blindness. 
Br J Ophthalmol 1989; 73: 750-756. 

Narfstrom K, Wrigstad A, Ekesten B, Nilsson SEG. Heredi- 
tary retinal dystrophy in the Briard dog: Clinical and heredi- 
tary characteristics. Vet Comp Ophthalmol 1994; 4: 85-92. 
Aguirre GD, Laties A. Pigment epithelial dystrophy in the 
dog. Exp Eye Res 1976; 23: 247-256. 

Bedford PGC. Retinal pigment epithelial dystrophy (CPRA): 
A study of the disease in the Briard. J Sm Anim Pract 1984; 
25: 129-138. 

Barnett KC. The diagnosis of central progressive retinal atro- 
phy in the Labrador retriever. J Sm Anim Pract 1967; 8: 
631-632. 

Watson P, Bedford PGC. The pigments of retinal pigment 
epithelial dystrophy in dogs. Vet Pathol 1992; 29: 5. 

Riis RC, Sheffy BE, Loew E, Kern TJ, Smith JS. Vitamin E 
deficiency retinopathy of dogs. Am J Vet Res 1981; 42: 
74-86. 

Davidson MG, Geoly FJ, Gilger BC, McLellan GJ, Whiteley 
W. Retinal degeneration associated with vitamin E deficiency 
in hunting dogs. J Am Vet Med Assoc 1998; 213: 645-651. 
McLellan GJ, Elks R, Lybaert P, Watte C, Moore DL, Bedford 
PGC. Vitamin E deficiency in dogs with retinal pigment 
epithelial dystrophy. Ver Rec 2002; 151: 663-667. 

Bellhorn RW, Bellhorn MB, Swarm RL, Impellizzer CW. 
Hereditary tapetal abnormality in the Beagle. Ophthalmic 
Res 1975; 7: 250-260. 

Wen Gy, Sturman JA, Wisniewski HM, MacDonald A, Nie- 
mann WH. Chemical and ultrastructural changes in the tape- 
tum of Beagles with a hereditary abnormality. Invest 
Ophthalmol Vis Sci 1982; 23: 733-742. 

Collier LL, King EJ, Prieur DJ. Tapetal degeneration in cats 
with Chediak-Higashi syndrome. Curr Eye Res 1985; 4: 
767-773. 


104. 


105. 


106. 


107. 


108. 


109. 


110. 


HOE 


112. 


113. 


114. 


115. 


116. 


lle 


118. 


119. 


123. 


124. 


Wen GY, Wisniewski HM, Sturman JA. Hereditary 
abnormality in the tapetum lucidum of the Siamese cats: 4 
histochemical and quantitative study. Histochemistry 1989. 
75: 1-9. j 
Storey ES, Grahn BH, Alcorn J. Multifocal chorioretinal 
lesions in Borzoi dogs. Vet Ophthalmol 2005; 8: 337-347, 
MacMillan AD, Scagliotti RH. Retinal degeneration in the 
Borzois. The Borzoi Quarterly 1977. 

Chaudieu G. Study of the inheritance of focal retinal 
degeneration in a population of 160 Borzois. Pratique 
Med et Chirugurgicale de L’animal de Compagnie 1995; 30; 
461-472. 

Cowell K, Jezyk P, Haskins M, Patterson D. Mucopolysac- 
charidosis in a cat. J Am Vet Med Assoc 1976; 169: 334-339, 
Langweiler M, Haskins M, Jezyk P. Mucopholysaccharidosis 
in a litter of cats. J Am Anim Hosp Assoc 1978, 14: 748-751, 
Collins L Munnell J, Lorenz M. The pathology of feline GM, 
gangliosidosis. Am J Path 1978; 90: 723-730. , 
Breton L, Guerin P, Morin M. A case of mucopolysacchari- 
dosis VI in a cat. J Am Anim Hosp Assoc 1983; 19: 891-896, 
Haskins M, Jezyk P, Desnick R, McDonough S, Patterson D. 
Mucopolysaccharidosis in a domestic shorthaired cat: A dis- 
ease distinct from that seen in the Siamese cat. J Am Vet Med 
Assoc 1979; 175: 384-387. 

Shull R, Munger R, Spellacy E, Hall C, Constantopoulos G, 
Neufeld E. Canine alpha-L-iduronidase deficiency: A model 
for mucopolysaccharidosis I. Am J Pathol 1982; 109: 
244-248. 

Haskins M, Desnick R, Diferrant N, Jezyk P, Patterson D. 
B-glucuronidase deficiency in a dog: A model of human 
mucopolysaccharidosis VII. Ped Res 1984; 18: 980-984. 
Donnelly WHC, Sheahan BJ, Rogers TA. G „ gangliosidosis 
in Friesian calves. J Path 1973; 111: 173-179. 

Donnelly WHC, Sheahan B, Kelly M. Beta-galactosidase 
deficiency in G „ gangliosidosis of Friesen calves. Res Vet 
Sci 1973; 15: 139-141. 

Jezyk P, Haskins M, Newman L. Alpha mannosidosis in a 
Persian cat. J Am Vet Med Assoc 1986; 189: 1483-1485. 
Murnane R, Prieur D, Ahern-Rindel] A, Parish S, Collier L. 
The lesions of an ovine lysosomal storage disease. Am J 
Pathol 1989; 134: 263-270. 

Lovell K. Caprine Beta mannosidosis: Development of glial 
and myelin abnormalities in the optic nerves and corpus cal- 
losum. Glia 1990; 3: 26-32. 


. Hartley WJ, Canfield PJ, Donnelly TM. A suspected new 


canine storage disease. Acta Neuropathol 1982; 56: 225. 


. Kelly WR, Clague AE, Barns RJ, Bates MJ, Mackay BM. 


canine a-l-fucosidosis: A storage disease of Springer 
spaniels. Acta Neruopathlo 1983; 60: 9. 


. Valle D, Boison A, Jezyk P, Aguirre G. Gyrate atrophy of the 


choroid and retina in a cat. Invest Ophthalmol Vis Sci 1981; 
20: 251-254. 

Siakotos A, Armstrong D, Koppang N, Connole E. Studies on 
the retina and pigment epithelium in hereditary canine ceroid 
lipofuscinosis. II. The subcellular distribution of lysosomal 
hydrolases and other enzymes. Invest Ophthalmol Vis Sci 
1978; 17: 618-633. 

Berson E, Watson G. Electroretinograms in English Setters 
with neuronal ceroid lipofuscinosis. Invest Ophthalmol Vis 
Sci 1980; 19: 87-90. 


131. 


132 


133: 


134. 


135. 


136. 


137. 


138. 


ise), 


140. 


141. 


142. 


143. 


144. 


145. 


146. 


147. 


. Sisk D, Levesque D, Wood P, Styer E. Clinical and 


pathologic features of ceroid lepofuscinosis in two Australian 
Cattle dogs. J Am Vet Med Assoc 1990; 197: 361-364. 


. Smith RE, Sutton RH, Jolly RD, Smith KR. A retinal degen- 


eration associated with ceroid lipofuscinosis in adult minia- 
ture Schnauzers. Vet Comp Ophthalmol 1996; 6: 187-191. 


. Minatel L, Underwood SC, Carfagnini JC. Ceroid lipofusci- 


nosis in a Cocker Spaniel dog. Vet Pathol 2000; 37: 488-490. 


. Read WK, Bridges CH. Neuronal lipodystrophy. Occurrence 


in an inbred strain of cattle. Pathol Vet 1969; 6: 235-238. 


. Graydon FJ, Jolly RD. Ceroid-lipofuscinosis (Batten’s dis- 


ease). Invest Ophthalmol Vis Sci 1984; 25: 294. 


. Edwards JF, Storts RW, Joyce JR, et al. Juvenile-onset neu- 


ronal ceroid-lipofuscinosis in Rambouillet sheep. Vet Path 
1994; 31: 48-54. 

Fiske RA, Storts RW. Neuronal ceroid-lipofuscinosis in 
Nubian goats. Vet Pathol 1988; 25: 171-173. 

Grahn BH, Szentimrey D, Pharr JW, Farrow CS, Fowler JD. 
Ocular and orbital porcupine quills in the dog. A review and 
case series. Can Vet J 1995; 36: 488-493. 

Wheler CL, Grahn BH, Pocknell AN. Proptosis and orbital 
cellulitis in eight African hedgehogs (Atelerix albiventris). 
J Zoo Wildlife Med 2002; 32: 236-241. 

Grahn BH, Szentimrey D, Battison A, Hertling R. Exophthal- 
mos associated with frontal sinus osteomyelitis in a puppy. 
J Am Anim Hosp 1995; 31: 397-401. 

Carpenter JL, Schmidt GM, Moore FM, Albert DM, Abrams 
KL, Elner VM. Canine bilateral extraocular polymyositis. Vet 
Pathol 1989; 26: 510-512. 

Allgoewer I, Blair M, Basher T, et al. Extraocular muscle 
myositis and restrictive strabismus in 10 dogs. Vet Ophthal- 
mol 2000; 3: 21-26. 

Martin CL, Kaswan RL, Doran CC. Cystic lesions of the 
periorbital region. Comp Cont Ed Pract 1987; 9: 1022-1029. 
Grahn BH, Mason R. Epiphora associated with Dacryops in a 
dog. J Am Anim Hosp Assoc 1995; 31: 15-19. 

Pentlarge V. Eosinophilic conjunctivitis in five cats. J Am 
Anim Hosp Assoc 1991; 27: 21-28. 

Allgoewer J, Schaffer E, Stockhaus C, Vogtlin A. Feline 
eosinophilic conjunctivitis. Vet Ophthalmol 2001; 4: 69-74. 
Larocca R. Eosinophilic conjunctivitis, herpesvirus, and mast 
cell tumor of the third eyelid in a cat. Vet Ophthalmol 2000; 
3: 221-225. 

Read RA, Lucas J. Lipogranulomatous conjunctivitis of cats: 
Clinical findings from 21 eyes of 13 cats. Vet Ophthalmol 
2001; 4: 93-98. 

Kerlin RL, Dubielzig RR. Lipogranulomatous conjunctivitis 
in cats. Vet Comp Ophthlmol 1997; 7: 177-179. 

Moore CP, Wilsman NJ, Nordheim EY, et al. Density and dis- 
tribution of canine conjunctival goblet cells. Invest Ophthal- 
mol Vis Sci 1987; 28: 1925-1932. 

Cullen CL, Njaa BL, Grahn BH. Ulcerative keratitis associ- 
ated with qualitative tear film abnormalities in cats. Vet Oph- 
thalmol 1999; 2: 197-204. 

Grahn BH, Sisler S, Storey ES. Qualitative tear film and con- 
junctival goblet cell assessment of cats with corneal seques- 
tra. Vet Ophthalmol 2005; 8: 167-170. 

Breaux CB, Grahn BH, Sandmeyer LS. Retrospective 
immunohistochemical and clinical investigation of episcleri- 
tis. Proc Am Coll Vet Ophthalmol 2005; 36: 1. 


Chapter 8: Fundamentals of Veterinary Ophthalmic Pathology e 433 


148. 


149. 


150. 


151. 


152. 


153. 


154. 


155. 


156. 


NSS 


158. 


159. 


160. 


161. 


162. 


163. 


164. 


165. 


166. 


Williams CO, Dietrich UM, Moore PA, Dubielzig RR, 
Carmichael KP. The immunopathogenesis of canine nodular 
ocular episcleritis. Proc Am Coll Vet Ophthalmol 2005; 36: 
37. 

Dubielzig RR, Render JA, Morreale RJ. Distinctive morpho- 
logic features of the ciliary body in equine recurrent uveitis. 
Vet Comp Ophthalmol 1997; 7: 163-167. 

Cooley PL, Wyman M, Kindig O. Pars plicata in equine 
recurrent uveitis. Vet Pathol 1990; 27: 138-140. 

Peiffer RL, Wilcock BP. Histopathologic study of uveitis 
in cats: 139 cases (1978-1988). J Am Vet Med Assoc 1991; 
198: 135-138. 

Davidson MG, Nasisse MP, English RV, Wilcock BP, 
Jamieson VE. Feline anterior uveitis: A study of 53 cases. 
J Am Anim Hosp Assoc 1991; 27: 77-83. 

Lindley DM, Boosinger TR, Cox NR. Ocular histopathology 
of Vogt-Koyanagi-Harada-like syndrome in the Akita dog. 
Vet Pathol 1990; 27: 294-296. 

Kern T, Walton DK, Riis RC, Manning TO, Laratta LJ, 
Dziezyc J. Uveitis associated with poliosis and vitiligo in six 
dogs. J Am Vet Med Assoc 1985; 187: 408-414. 

Van der Woerdt A, Nasisse MP, Davidson MG. Lens-induced 
uveitis in dogs: 151 cases (1985-1990). J Am Vet Med Assoc 
1992; 201: 921-926. 

Wilcock BP, Peiffer RL. The pathology of lens-induced 
uveitis in dogs. Vet Pathol 1987; 24: 549-553. 

Van der Woerdt A, Nasisse MP, Davidson MG. Sudden 
acquired retinal degeneration in the dog: Clinical and labora- 
tory findings in 36 cases. Prog Vet Comp Ophthalmol 1991, 
1: 11-18. 

Miller PE, Galbreath EJ, Kehren JC, Steinberg H. Dubielzig 
RR. Photoreceptor cell death by apoptosis in dogs with sud- 
den acquired retinal degeneration syndrome. Am J Vet Res 
1998; 59: 149-152. 

Mattson A, Roberts SM, Isherwood JME. Clinical features 
suggesting hyperadrenocorticism associated with sudden 
acquired retinal degeneration syndrome in a dog. J Am Anim 
Hosp Assoc 1992; 28: 199-202. 

Morgan RV. Feline corneal sequestration: A retrospective 
study of 42 cases (1987-1991) J Am Anim Hosp Assoc 1994; 
30: 24-28. 

Featherstone HJ, Sansom J. Feline corneal sequestra: A 
review of 64 cases (80 eyes) from 1993-2000. Vet Ophthal- 
mol 2004; 7: 213-227. 

Featherstone HJ, Franklin VJ, Sansom J. Feline corneal 
sequestrum: Laboratory analysis of ocular samples from 12 
cats. Vet Ophthalmol 2004; 7: 229-238. 

Beam S, Correa MT, Davidson MG. A retrospective-cohort 
study on the development of cataracts in dogs with diabetes 
mellitus: 200 cases. Vet Ophthalmol 1999; 2: 169-172. 

Sato S, Takahashi Y, Wyman M, Kador PF. Progression of the 
sugar cataract in the dog. Invest Ophthalmol Vis Sci 1991; 32: 
1925-1931. 

Wyman M, Sato S, Akagi Y, Terubayashi H, Datiles M, Kador 
PE. The dog as a model for ocular manifestations of high concen- 
trations of blood sugars. J Am Vet Med Assoc 1988; 193: 
1153-1156. 

Martin CL, Chambreau T. Cataract production in experimen- 
tally orphaned puppies fed a commercial replacement for 
bitch’s milk. J Am Anim Hosp Assoc 1982; 18: 115-119. 


434 e 


167. 


168. 


169. 


170. 


171. 


Is 


173. 


174. 


175. 


176. 


177. 


178. 


179. 


180. 


181. 


182: 


183. 


184. 


185. 


186. 


SECTION Il: Foundations of Clinical Ophthalmology 


Glaze MC, Blanchard Gl. Nutritional cataracts in a Samoyed 
litter. J Am Anim Hosp Assoc 1983; 19: 951-954. 

Bunce GE, Kinoshita J, Horwitz J. Nutritional factors in 
cataract. Ann Rev Nutr 1990; 10: 233-254. 

Brightman AH, Brogdon JD, Helper LC, Everds N. Electric 
cataracts in the canine: A case report. J Am Anim Hosp Assoc 
1984; 20: 895-898. 

Martin CL. The formation of cataracts in dogs with disophe- 
nol: Age susceptibility and production with chemical grade 
2,6-diiodo-4-nitrophenol. Can Vet J 1975; 16: 228-232. 
Brown D, Magrane W, Cross F, Reynolds R. Clinical obser- 
vations of eyes of cattle, swine, and burros surviving expo- 
sure to gamma and mixed neutron-gamma radiation. Am J Vet 
Res 1972; 33: 309-315. 

Jamieson V, Davidson M, Nasisse M, English R. Ocular com- 
plications following cobalt 60 radiotherapy of neoplasms in 
the canine head region. J Am Anim Hosp Assoc 1991; 27: 
51-55. 

Roberts S, Lavach J, Severin G, Withrow S. Gillette E. Oph- 
thalmic complications following megavoltage irradiation of 
the nasal and paranasal cavities of dogs. J Am Vet Med Assoc 
1987; 190: 43-47. 

Lipman R, Tripathi B, Tripathi R. Cataracts induced by 
microwave and ionizing radiation. Surv Ophthalmol 1988; 
33: 200-210. 

Vainisi S, Edelhauser H, Wolf D, Cotlier E, Reesere F. Nutri- 
tional cataracts in Timber wolves. J Am Vet Med Assoc 1981; 
179: 1175-1180. 

Anderson RS, Trune DR, Shearer TR. Histologic changes in 
selenite cortical cataract. Invest Ophthalmol Vis Sci 1988; 29: 
1418-1427. 

Poston HA, Riis RC, Rumsey GL, Ketola HG. The effect of 
supplemental dietary amino acids, minerals, and vitamins on 
salmonids fed cataractogenic diets. Cornell Vet 1977; 67: 
472-509. 

Ketola HG. Influence of dietary zinc on cataracts in rainbow 
trout (Salmo gairdneri). J Nutr 1979; 109: 965-969. 

Hughes SF, Riis RC, Nickum JG, Rumsey GL. Biomicro- 
scopic and histologic pathology of the eye in riboflavin defi- 
cient rainbow trout (Salmo gairdneri). Cornell Vet 1981; 71: 
269-279. 

Poston HA, Rumsey GL. Factors affecting dietary require- 
ments and deficiency signs of L-tryptophan in rainbow trout. 
J Nutr 1983; 113: 2568-2577. 

Shariff M, Richards RH, Sommerville C. The histopathology 
of acute and chronic infections of rainbow trout (Salmo 
gairdneri) with eye flukes (Diplostomum spp). J Fish Dis 
1980; 3: 455-457. 

Wolfer J, Grahn BH, Wilcock B, Percy D. Phacoclastic 
uveitis in the rabbit. Vet Comp Ophthalmol 1992; 3: 92-97. 
Wilcock BP, Peiffer RL. The causes of glaucoma in cats. Vet 
Path 1990; 27: 35—40. 

Ridgway MD, Brightman AH. Feline glaucoma: A retrospec- 
tive study of 29 clinical cases. J Am Anim Hosp Assoc 1989; 
25: 485—490. 

Blocker T, van der Woerdt A. The feline glaucomas: 82 cases 
(1995-1999). Vet Ophthalmol 2004; 4: 81-85. 

Czederpiltz JMC, La Croix NC, van der Woerdt A, Bentley E, 
Dubielzig RR, Murphy CJ, Miller PE. Putative aqueous humor 
misdirection syndrome as a cause of glaucoma in cats: 32 cases 
(1997-2003). J Am Vet Med Assoc 2005; 227: 1434-1441. 


187. 


188. 


189. 


190. 


193. 


194. 


195. 


196. 


197. 


198. 


199. 


200. 


201. 


= 


202. 


203. 


204. 


205. 


206. 


207. 


Wilcock BP, Brooks DE, Latimer CA. Glaucoma in horses. 
Vet Pathol 1991; 28: 74-78. 

Samuelson D, Smith P, Brooks D. Morphologic features of 
the aqueous humor drainage pathways in horses. Am J Vor 
Res 1989; 50: 720-727. 

Brooks DE. Histomorhometry of the optic nerves of norma] 
horses and horses with glaucoma. Vet Comp Ophthalmo| 
1995; 5: 193-210. 

Miller TR, Brooks DE, Gelatt KN, King TC, Smith py, 
Sapienza JS, Pellicane CP. Equine glaucoma: Clinical find- 
ings and response to treatment in 14 horses. Vet Comp Oph- 
thalmol 1995; 5: 170-181. 


. Cullen CL, Grahn BH. Equine glaucoma: A retrospective 


study of 13 cases presented at the Western College of Veteri- 
nary Medicine from 1992-1999. Can Vet J 2000; 41: 
470-480. 


. Taylor VL, Peiffer RL, Costella MJ. Ultrastructural analysis 


of normal and diabetic cataracts in the dog. Vet Comp Oph- 
thalmol 1997; 7: 117-125. 

Thoresen SI, Bjerkas E, Aleksandersen M, Peiffer RL. Dia- 
betes mellitus and bilateral cataracts in a kitten. J Fel Med 
Surg 2002; 4: 115-122. 

Gilger BC, McLaughlin SA, Whitley RD. Wright J. Orbital 
neoplasms in cats: 21 cases (1974-1990). J Am Vet Med 
Assoc 1992; 201: 1083-1086. 

Kern TJ. Orbital neoplasia in 23 dogs. J Am Vet Med Assoc 
1985; 186: 489-491. 

Attali-Soussay K, Jegou JP, Clerc B. Retrobulbar tumors in 
dogs and cats: 25 cases. Vet Ophthalmol 2001; 4: 19-27. 
Mauldin EA, Deehr AJ, Hertzke D, Dubielzig RR. Canine 
orbital menigiomas: A review of 22 cases. Vet Ophthalmol 
2000; 3: 11-16. 

Rebhun WC, Edwards NJ. Two cases of orbital adenocarci- 
noma of probable lacrimal gland origin. J Am Anim Hosp 
Assoc 1977; 13: 691-694. 

Pletcher JM, Koch SA, Stedham MA. Orbital chondroma 
rodens in a dog. J Am Vet Med Assoc 1979; 175: 187-190. 
O’Brien MG, Withrow SJ, Straw RC, Powers BE, Kirpen- 
steijn JK. Total and partial orbitectomy for the treatment of 
periorbital tumors in 24 dogs and 6 cats: A retrospective 
study. Vet Surg 1996; 25: 471-479. 

Basher AW, Severin GA, Chavkin MJ, Fran AA. Orbital neu- 
roendocrine tumors in three horses. J Am Vet Med Assoc 
1997; 210: 668-671. 

Goodhead AD, Venter IJ, Nesbit JW. Retrobulbar extra- 
adrenal paraganglioma in a horse and its surgical removal by 
orbitotomy. Vet Comp Ophthalmol 1997; 7: 96-100. 
Rebhun W. Orbital lymphosarcoma in cattle. J Am Vet Med 
Assoc 1982; 180: 149-152. 

Cullen CL, Grahn BH, Wolfer J. Diagnostic Ophthalmology: 
Orbital, nasal and frontal sinus neoplasia in a 2-year old Shet- 
land sheepdog. Can Vet J 2000; 41: 723-724. 

Wolfer J, Grahn, BH. Diagnostic Ophthalmology: Exoph- 
thalmos in a cat secondary to an orbital round cell tumor. Can 
Vet J 1995; 36: 518-519. 

Rebhun W, Piero F. Ocular lesions in horses with lymphosat- 
comas: 21 cases (1977-1997). J Am Vet Med Assoc 1998; 
212: 852-854. 

Van Maanen C, Klein WR, Dik KJ. Three cases of carcinoid 
in the equine nasal cavity and maxillary sinuses: Histological 
and immunohistochemical features. Vet Path 1996; 33: 92-95. 


f 
j 
i 
i 
' 
f 
ł 


213: 


216. 


217. 


218. 


219. 


220. 


2217 


222. 


208% 


224. 


226. 


221% 


228. 


229. 


230. 


. Krehbiel JD, Langham RF. Eyelid neoplasms in dogs. Am J 


Vet Res 1975; 36: 115-119. 


. Roberts S, Severin G. Prevalence and treatment of palpebral neo- 


plasms in the dog. J Am Vet Med Assoc 1986; 189: 1355-1359. 


. Gelatt KN. Meibomian adenoma in a dog. Vet Med Small 


Anim Clin 1980; 10: 962-963. 


. Williams LW, Gelatt KN, Gwin RM. Ophthalmic neoplasms 


in the cat. J Am Anim Hosp Assoc 1981; 17: 999-1008. 


. Monlux A, Anderson W, Davis C. The diagnosis of squamous 


cell carcinoma of the eye (cancer eye) in cattle. Am J Vet Res 
1957; 28: 5-34. 

Anderson D, Lush J, Chambers D. Studies of bovine ocular 
squamous carcinoma (cancer eye) II. Relationship between 
eyelid pigmentation and occurrence of cancer eye lesions. 
J Anim Sci 1957; 16: 739-746. 


. Kaps S, Richter M, Philipp M, Bart M, Eule C, Speiss BM. 


Primary invasive ocular squamous cell carcinoma in a horse. 
Vet Ophthalmol 2005; 8: 193-197. 


. Gelatt KN. Basal cell carcinoma of the eyelid of dog. Vet Clin 


North Am Small Anim Clin 1971; 10: 847. 

Johnson B, Brightman AH, Whiteley HE. Conjunctival mast 
cell tumor in two dogs. J Am Anim Hosp Assoc 1988; 24: 
439-441. 

Hallstrom M. Mastocytomas in the third eyelid of a dog. 
J Small Anim Pract 1970; 11; 469-471. 

Grahn BH, Wolfer J, Randall J. Diagnostic Ophthalmology: 
Exophthalmos in a dog secondary to mastocytoma. Can Vet J 
1994; 35: 730-731. 

Blodi FC, Ramsey FK. Ocular tumors in domestic animals. 
Am J Ophthalmol 1967; 50: 109-115. 

Krohne SG, Henderson NM, Richardson RC, Vestre WA. 
Prevalence of ocular involvement in dogs with multicentric 
lymphoma: Prospective evaluation of 94 cases. Vet Comp 
Ophthalmol 1994; 4: 127-134. 

Hoffman A, Blocker T, Dubielzig RR, Ehrhar EJ. Feline peri- 
ocular peripheral nerve sheath tumor: A case series. Vet Oph- 
thalmol 2005; 8: 153-158. 

Strubbe TD. Periocular neurofibrosarcoma in a horse. Vet 
Ophthalmol 2001; 4: 237-241. 

Tarwid J, Fretz P, Clark E. Equine sarcoids: A study with 
emphasis on pathologic diagnosis. Comp Cont Ed Pract Vet 
1985; 7: S293-S300. 

Knottenbelt DC, Kelly DF. The diagnosis and treatment of 
periorbital sarcoid in the horse: 445 cases from 1974-1999. 
Vet Ophthalmol 2000; 3: 169-191. 


. Piscopo SE. The complexities of sarcoid tumors. Equine 


Pract 1999; 21: 14-18. 

Cheevers W, Robertson S, Brassfield A, Davis WC, Crawford 
TD. Isolation of a retrovirus from cultured equine sarcoid 
tumor cells. Am J Vet Res 1982; 43: 804-806. 

Trenfield K, Spradbrow P, Vanselow B. Sequences of 
papillomavirus DNA in equine sarcoids. Equine Vet J 1985; 
17: 449-452. 

Nasir L, Reid SW. Bovine papilloma viral gene expression in 
equine sarcoid tumors. Vir Res 1999; 61: 171-175. 

Collins BK, Collier LL, Miller MA, Linton LL. Biologic 
behavior and histologic characteristics of canine conjuncti- 
val melanoma. Prog Vet Comp Ophthalmol 1993; 3: 
135-140. 

Croxatto JO. Malignant melanoma arising from primary 
acquired melanosis in a dog. Can Pract 1992; 17: 22-24. 


Chapter 8: Fundamentals of Veterinary Ophthalmic Pathology e 435 


231. 


232. 


283; 


234. 


235. 


246. 


247. 


248. 


249. 


250. 


250 


252; 


258: 


254. 


255. 


Levene A. Precancerous and cancerous melanosis of the 
canine conjunctiva. J Comp Path 1973; 83: 253-257. 

Cook CS, Rosenkrantz W, Peiffer RL, Macmillan A. Malig- 
nant melanoma of the conjunctiva in a cat. J Am Vet Med 
Assoc 1985; 186: 505-506. 

Mughannam AJ, Hacker DV, Spangler WL. Conjunctival vas- 
cular tumors in six dogs. Vet Comp Ophthalmol 1997; 7: 
56-59. 

Summer GG. Angiokeratoma: A benign vascular tumor of the 
dog. J Sm Anim Pract 1990; 31: 390-392. 

Murphy CJ, Bellhorn RW, Buyukmihci NC. Bilateral con- 
junctival masses in two dogs. J Am Vet Med Assoc 1989; 195: 
225-227. 


. Buyukmihci NC. Canine conjunctival angiokeratomas. J Am 


Vet Med Assoc 1981; 178: 1279-1282. 


. Vestre WA, Turner TA, Carlton WW. Conjunctival hemangiosar- 


coma in horse. J Am Vet Med Assoc 1982; 180: 1481-1482. 


. Moore PF, Jacker DV, Buyukmihci NC. Ocular angiosar- 


coma in the horse: Morphological and immunohistochemical 
studies. Vet Path 1986; 23: 240-244. 


. Crawley GR, Bryan GM, Gogolewski RP. Ocular heman- 


gioma in a horse. Equine Pract 1987; 9: 9-13. 


. Hacker D, Moore P, Buyukmihci N. Ocular angiosarcoma in 


four horses. J Am Vet Med Assoc 1986; 189: 200-203. 


. Martin C. Canine epibulbar melanomas and their manage- 


ment. J Am Anim Hosp Assoc 1981; 17: 83-90. 


2. Diter SR, Dubielzig RR, Aguirre G, Acland G. Primary ocu- 


lar melanomas in dogs. Vet Path 1983; 20: 379-395. 


. Ryan A, Diter SR. Clinical and pathologic features of canine 


ocular melanomas. J Am Vet Med Assoc 1984; 184: 60-67. 


. Harling D, Peiffer RL, Cook C. Feline limbal melanoma: 


Four cases. J Am Vet Med Assoc 1986; 22: 795-802. 


. Bernays ME, Flemming D, Peiffer RL. Primary corneal papil- 


loma and squamous cell carcinoma associated with pigmen- 
tary keratitis in four dogs. J Am Vet Med Assoc 1999; 214: 
215-217. 

Latimer KS, Kaswan RL, Sundberg JP. Corneal squamous 
cell carcinoma in the dog. J Am Vet Med Assoc 1987, 190: 
1430-1432. 

Ryan AM, Diters RW. Clinical and pathologic features of canine 
ocular melanomas. J Am Vet Med Assoc 1984; 184: 60-67. 
Wilcock BP, Peiffer RL. Morphology and behavior of primary 
ocular melanomas in 91 dogs. Vet Path 1986; 23: 418-424. 
Freidman DS, Miller I, Dubielzig RR. Malignant canine 
anterior uveal melanoma. Vet Path 1989; 26: 523-525. 
Giuliano EA, Chappell R, Fischer B, Dubielzig RR. A matched 
observation study of canine survival with primary intraocular 
melanocytic neoplasia. Vet Ophthalmol 1999; 2: 185-190. 
Diters R, Dubielzig RR, Aguirre GD, Acland GM. Primary 
ocular melanoma in dogs. Vet Path 1983; 20: 379-395. 
Render JA, Ramsey DT, Ramsey CC. Contralateral uveal 
metastasis of malignant anterior uveal melanoma in a dog. 
Vet Comp Ophthalmol 1997; 7: 263-266. 

Bussanich NM, Dolman PJ, Rootman J, Dolman CL. Canine 
uveal melanomas: Series and literature review. J Am Anim 
Hosp Assoc 1987; 23: 415-422. 

Minami T, Patnaik AK. Malignant anterior uveal melanoma 
with diffuse metastasis in a dog. J Am Vet Med Assoc 1992; 
201: 1894-1896. 

Truska RC, Mclean IW, Quinn AJ. Intraocular canine 
melanocytic neoplasms. J Am Anim Hosp Assoc 1985; 21: 85-88. 


436 © 


274. 


275. 


276. 


DAE 


SECTION Il: Foundations of Clinical Ophthalmology 


. Mays MB, Nguyen HT, Wolf ED, Samuelson DA, 


Bloomberg NM. A xanthomatous lesion resembling balloon 
cell melanoma of the iris and ciliary body of a dog. J Comp 
Path 1985; 95: 217-225. 


. Roperto F, Restucci B, Crovace A. Bilateral ciliary body 


melanomas in a dog. Prog Vet Comp Ophthalmol 1993; 3: 
149-151. 


. Rovesti GL, Guandalini A, Peiffer RL. Suspected latent ver- 


tebral metastasis of uveal melanoma in a dog: A case report. 
Vet Ophthalmol 2001; 4: 75-77. 


. O'Toole D, Murphy J. Spindle B cell melanoma in the 


choroid in a dog. J Small Anim Pract 1983; 24: 561-567. 


. Aguirre GD, Brown G, Shields JA, Dubielzig RR. Melanoma of 


the choroid of a dog. J Am Anim Hosp Assoc 1984; 20: 471476. 


. Dubielzig RR, Aguirre GD, Gross SL, Diters RW. Choroidal 


melanomas in dogs. Vet Path 1985; 22: 582-585. 


. Weisse K, Frese K, Meyer D. Benign melanoma of the 


choroid in a beagle: Ophthalmologic, light and electron 
microscopic investigations. Vet Path 1985; 22: 586-591. 


. Morgan RV, Patton CS. Choroidal melanoma in a dog. 


Cornell Vet 1993; 83: 211-217. 


. Schoster JV, Dubielzig RR, Sullivan L. Choroidal melanoma 


ina dog. J Am Vet Med Assoc 1993; 203: 89-91. 


. Collison PN, Peiffer RL. Clinical presentation, morphology 


and behavior of primary choroidal melanomas in eight dogs. 
Prog Vet Comp Ophthalmol 1993; 3: 158-164. 


. Hyman JA, Koch SA, Wilcock BP. Canine choroidal 


melanoma with metastases. Vet Ophthalmol 2002; 5: 113-117. 


. Cordy RH. Primary intraocular malignant melanoma in a 


Siamese cat. Vet Path 1977; 14: 648-649. 


. Peiffer RL, Seymour WG, Williams LW. Malignant 


melanoma of the iris and ciliary body in a cat. Mod Vet Pract 
1977; 58: 853-856. 


. Souri E. Intraocular melanoma in a cat. Fel Pract 1978; 8: 


43-45. 


. Acland GM, Mclean IW, Aguirre FD, Trucksa R. Diffuse iris 


melanoma in cats. J Am Vet Med Assoc 1980; 176: 52-56. 


. Ducan DE, Peiffer RL. Morphology and prognostic indica- 


tors of anterior uveal melanomas in cats. Prog Vet Comp 
Ophthalmol 1991; 1: 25-32. 


. Harris BP, Dubielzig RR. A typical primary ocular melanoma 


in cats. Vet Ophthalmol 1999; 2: 121-124. 


. Kalishman JB, Chappell R, Flood LA, Dubielzig RR. A 


matched observational study of survival in cats with enucleation 
due to diffuse iris melanoma. Vet Ophthalmol 1998; 1: 25-29. 
Bjerkas E, Arnesen K, Peiffer RL. Diffuse amelanotic iris 
melanoma in a cat. Vet Comp Ophthalmol 1997; 7: 190-191. 
Bertroy RW, Brightman AH, Regan K. Intraocular melanoma 
with multiple metastases in a cat. J Am Vet Med Assoc 1988; 
192: 87-88. 

Schwink K, Betts DM. Malignant melanoma of the iris in a 
cat. Comp Anim Pract 1988; 2: 35-41. 

Patnaik AK, Mooney S. Feline melanoma: A comparative 
study of ocular, oral, and dermal neoplasms. Vet Pathol 
1988; 25: 105-112. 


. Bellhorn RW, Henkind P. Intraocular malignant melanoma in 


domestic cats. J Sm Anim Pract 1970; 10: 631-637. 


. Niederkorn JY, Shadduck JA, Albert D. Enucleation and the 


appearance of second primary tumors in cats bearing a virally 
induced intraocular tumors. Invest Ophthalmol Vis Sci 1982; 
23: 719-725. 


bo 
oo 
N 


285. 


286. 


289. 


290. 


291. 


295. 


296. 


298. 


. Albert DM, Shadduck JA, Craft JL, Niederkorn JY. Fel 


ine 
uveal melanoma model induced with feline sarcoma virus 
Invest Ophthalmol Vis Sci 1981; 20: 606-623. 


. Stiles J, Biensle D, Render JA, Buyukmihci NC, Johnson EC. 


Use of nested polymerase chain reaction (PCR) for detection 
of retroviruses from formalin-fixed, paraffin-embedded uvea] 
melanomas in cats. Vet Ophthalmol 1999; 2: 113-116. 


. Cullen CL, Haines DM, Jackson ML, Grahn BH. Lack of 


detection of feline leukemia and feline sarcoma viruses in 
diffuse iris melanomas of cats by immunohistochemistry and 
polymerase chain reaction. J Vet Diag Invest 2002; 4: 
340-343. 


. Billson FM, Mould JRB, Lee WR. Myxoid leiomyoma of the 


iris in a dog. Vet Ophthalmol 2003; 6: 173-176. 


. Sato T, Yamamoto A, Shibuya H, Sudo H, Shiriai W, Amem- 


ori T. Intraocular peripheral nerve sheath tumor in a dog. Ver 
Ophthalmol 2005; 8: 283-286. 

Heath S, Rankin AJ, Dubielzig RR. Primary ocular osteosar- 
coma in a dog. Vet Ophthalmol 2003; 6: 85-87. 

Stoltz JH, Carpenter JL, Albert DM, Vainisi SJ, Munn RJ. 
Histologic, immunohistological and ultrastructural features 
of an intraocular sarcoma of a cat. J Vet Diag Invest 1994; 6: 
114-116. 


. Peiffer RL, Monticello T, Bouldin TW. Primary ocular sarco- 


mas in the cat. J Sm Anim Pract 1988; 29: 105-116. 


. Cullen CL, Haines DM, Jackson ML, Peiffer RL, Grahn BH. 


The use of immunohistochemistry and polymerase chain 
reaction for detection of feline leukemia virus and feline sar- 
coma Virus in six cases of feline ocular sarcoma. Vet Ophthal- 
mol 1998; 1: 189-193. 

Dubielzig RR, Hawkins KL, Toy KA, Rosebury WS, Mazur 
M, Jasper TG. Morphologic features of feline ocular sarco- 
mas in 10 cats: Light microscopy, ultrastructure, and 
immunohistochemistry. Vet Comp Ophthalmol 1994; 4: 
7-12. 

Dubielzig RR, Everitt J, Shadduck JA, Albert DM. Clinical 
and morphologic features of post-traumatic ocular sarcomas 
in cats. Vet Pathol 1990; 27: 62-65. 

Zeiss CJ, Johnson EM, Dubielzig RR. Feline intraocular 
tumors may arise from transformation of lens epithelium. Vet 
Pathol 2003; 40: 355-362. 


. Dubielzig RR. Ocular sarcoma following trauma in three 


cats. J Am Vet Med Assoc 1984; 184: 578-581. 


. Miller WW, Boosinger TR. Intraocular osteosarcoma in a cat. 


J Am Anim Hosp Assoc 1987; 23: 317-320. 


. Hakanson N, Shively JN, Reed RE, Merideth RE. Intraocular 


spindle cell sarcoma following ocular trauma in a cat: Case 
report and literature review. J Am Anim Hosp Assoc 1990; 26: 
63-66. 

Barrett PM, Meredith RE, Alarcon F. Central amaurosis 
induced by an intraocular posttraumatic fibrosarcoma in 4 
cat. J Am Anim Hosp Assoc 1995; 31: 242-245. 

Grahn BH, Peiffer RL, Cullen CL, Haines DM. Immunohis- 
tochemical evaluation of 75 intraocular neoplasms from cats. 
Vet Ophthalmol 2006 (at press). 


. Peiffer RL. Ciliary body epithelial tumours in the dog and 


cat: A report of thirteen cases. J Sm Anim Pract 1983; 24: 
347-370. 

Dubielzig RR, Steinberg H, Garvin H, Deehr AJ, Fischer B. 
Iridociliary epithelial tumors in 100 dogs and 17 cats: A mor- 
phological study. Vet Ophthalmol 1998; 1: 223-231. 


299. 


300. 


301. 


303. 


305. 


306. 


307. 


308. 


309. 


310. 


311. 


312. 


Clerc B. Surgery and chemotherapy for the treatment of 
adenocarcinoma of the iris and ciliary body in five dogs. Vet 
Comp Ophthalmol 1996; 6: 265-270. 

Whittemore JC, Gionfriddo JR, Steyn P, Ehrhart EJ. Indium- 
111 labeled vitamin b12 imaging of a ciliary adenoma with a 
concurrent grade 2 soft tissue sarcoma of the leg in a 
Labrador. Vet Ophthalmol 2004; 7: 209-212. 

Lavach JD. Iridociliary adenoma in a dog. J Am Anim Hosp 
Assoc 1984; 20: 468-470. 


2. Barron CN, Saunders LZ. Intraocular tumors in animals II. 


Primary nonpigmented intraocular tumors. Cancer Res 1959; 
19: 1171-1174. 

Syed NA, Nork TM, Poulsen GL, Riis RC, George C, Albert 
DM. Retinoblastoma in a dog. Arch Ophthalmol 1997; 115: 
758-763. 


. Fugaro MN, Kiupel M, Montiani-Ferreira F, Hawkins JF, 


Janovitz EB. Retinoblastoma in the eye of a llama (Llama 
glama). Vet Ophthalmol 2005; 8: 287-290. 

Bistner SI. Medullo-epithelioma of the iris and ciliary body 
in a horse. Cornell Vet 1974; 64: 588-595. 

Lahav M, Albert DM, Kircher CH, Percy DH. Malignant ter- 
atoid medulloepithelioma in a dog. Vet Pathol 1976; 13: 
11-16. 

Aleksandersen M, Bjerkas E, Heiene R, Heegaard S. Malig- 
nant teratoid medulloepithelioma with brain and kidney 
involvement in a dog. Vet Ophthalmol 2004; 7: 407—411. 
Bras ID, Gemensky-Metzler AJ, Colitz CMH, Wilkie DA. 
Immunohistochemical characterization of a malignant 
intraocular teratoid medulloepithelioma in a cockatiel. Vet 
Ophthalmol 2005; 8: 59-65. 

Wilcock BP, Williams MM. Malignant intraocular medulloep- 
ithelioma in a dog. J Am Anim Hosp Assoc 1980; 16: 617-619. 
Langloss JM, Zimmerman LE, Krehbiel JD. Malignant 
intraocular teratoid medulloepithelioma in three dogs. Vet 
Path 1976; 13: 343-352. 

Lahav M, Albert DM. Medulloepithelioma of the ciliary 
body in the goldfish. Vet Path 1978; 15: 208-212. 

Symanski CM. Malignant teratoid medulloepithelioma in a 
horse. J Am Vet Med Assoc 1987; 190: 301-302. 


Chapter 8: Fundamentals of Veterinary Ophthalmic Pathology e 437 


Silo: 


316. 


Sila? 


318. 


326. 


32i 


. Riis RC, Scherlie PH, Rebhun WC. Intraocular medulloep- 


ithelioma in a horse. Equine Vet J 1990; 10: 66-68. 


. Eagle RC, Font RL, Swercsek TW. Malignant medulloep- 


ithelioma of the optic nerve in a horse. Vet Path 1978; 15: 
488—494. 

Stone SF, Ehrhart EJ, Dubielzig RR, Zeiss CJ, Powell CC, 
Charles B. Tumors of the canine optic nerve head and peri- 
papillary retina. Proc Am Col Vet Ophthalmol 2005; 36: 6. 
Ehrhart EJ, Stone SG, Dubielzig RR, Zeiss CJ, Powell CC, 
Charles B. Tumors of the canine ciliary body and retina. Proc 
Am Col Vet Ophthalmol 2005; 36: 44. 

Barnett KC, Grimes TD. Retrobulbar tumour and retinal 
detachment in a dog. J Sm Anim Pract 1972; 13: 315-317. 
Spiess BM, Wilcock BP. Glioma of the optic nerve with 
intraocular and intracranial involvement in a dog. J Comp 
Path 1987; 97: 79-81, 


. Brooks DE, Patton CS. An ocular ganglioneuroblastoma in a 


dog. Prog Vet Comp Ophthalmol 1991, 1: 299-302. 


. Caswell J, Curtis C, Gibbs B. Astrocytoma arising at the 


optic disc in dog. Can Vet J 1999; 40: 427-428. 


. Jensen OA, Kaarsholm S, Prause JU, Heegaard S. Neuroep- 


ithelial tumor of the retina in a dog. Vet Ophthalmol 2003; 6: 
57-60. 


. Patnaik AK, Kay WJ, Hurvitz AI. Intracranial meningioma: 


A comparative pathologic study of 28 dogs. Vet Pathol 1986; 
23: 369-373. 


. Paulsen ME, Severin GA, LeCouteur RA, Young S. Primary 


optic nerve meningioma in a dog. J Am Anim Hosp Assoc 
1989; 25: 147-152. 


. Dugan SJ, Schwartz PD, Roberts SM, Ching SV. Primary 


optic nerve meningioma and pulmonary metastasis in a dog. 
J Am Anim Hosp Assoc 1993; 29: 11-16. 


. Andrews EJ. Clinicopathologic characteristics of menin- 


giomas in dogs. J Am Vet Med Assoc 1973; 163: 151-157. 
Nafe LA. Meningiomas in cats: A retrospective clinical study 
of 36 cases. J Am Vet Med Assoc 1979; 174: 1224-1227. 
Lawson DC, Burk RL, Prata RG. Cerebral meningioma in the 
cat: Diagnosis and surgical treatment of ten cases. J Am Anim 
Hosp Assoc 1984; 20: 333-342. 


Chapter 9 


Ophthalmic Examination 


and Diagnostics 


Part 1: The Eye Examination and Diagnostic Procedures 


Franck J. Ollivier, Caryn E. Plummer, Kathleen P. Barrie 


Because most ocular structures can be visualized either 
directly or indirectly, a thorough ophthalmic examination can 
provide a rapid and accurate diagnosis for many ophthalmic 
diseases. Furthermore, the eye lends itself to numerous simple 
and efficient diagnostic procedures, many of which can be 
performed during a routine examination. This chapter 
describes examination techniques, diagnostic procedures, and 
modalities available to veterinarians interested in ophthalmol- 
ogy and, in particular, to veterinary ophthalmologists. Most of 
these procedures are noninvasive, and a thorough understand- 
ing of them can facilitate the identification and diagnosis of 
many ocular disorders.!~° 


ANAMNESIS/HISTORY 


When combined with a veterinarian’s observations, a thor- 
ough history will support and often, determine an appropriate 
course of action. Therefore, the history should not be mini- 
mized, but it does not need to be exhaustive. The history 
should include signalment, primary complaint, current treat- 
ment, concurrent disease, and additional medications being 
used. Further information may be required depending on the 
specific complaint. 

Signalment can provide an important clue to the cause of 
many ophthalmic conditions. For example, some diseases 
occur only in a particular species (e.g., corneal sequestrum in 
felids), whereas others occur more commonly in association 
with a particular coat color (e.g., multiple ocular anomalies in 
the homozygous Merle dog). Furthermore, many diseases are 
inherited or otherwise common to certain breeds (e.g., Collie 
eye anomaly, hereditary cataract in Morgan horses). 

The primary complaints from the owners are usually 
among the following: ocular discharge, ocular color changes, 
pain, opacity, pupillary changes, decreased vision or blind- 
ness, and enlargement of the eye. Obvious historical concerns 
include characterization, onset, progression, and duration of 
the primary ocular complaint. The role of concurrent diseases 
or secondary complaints should not be underestimated. Many 
ophthalmic diseases are manifestations of a systemic disease 
(e.g., diabetic cataracts, mycotic chorioretinitis, hypertensive 
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retinopathy), and some primary ophthalmic diseases may have 
systemic concerns (e.g., iris melanoma). Concurrent diseases 
may affect treatment recommendations as well. For example, 
because of the respiratory implications of its B-blocking 
effects, timolol should be used with caution (or even avoided 
altogether) in severely asthmatic cats with glaucoma. 

Existing medical therapy can greatly influence findings on 
ophthalmic examination. For example, topical atropine 
inhibits the pupillary light reflex (topical atropine has been 
demonstrated to produce mydriasis for up to 14 days in 
horses’), and sulfonamides and related compounds can 
potentially induce KCS.” Treatment options may also be 
influenced by existing medical therapy. For example, metha- 
zolamide should be used with caution (or not at all) in animals 
receiving aspirin therapy for chronic arthritis. Veterinary stud- 
ies are lacking, but in humans, methazolamide and aspirin 
have both been implicated in severe gastroenteritis, coma, and 
even death when used together.” Knowledge of drug interac- 
tions and side effects helps the veterinarian to avoid such com- 
plications and occasionally assists in making a diagnosis. 

Questions concerning vision can be difficult for animal own- 
ers to answer, and the veterinarian must be cautious to avoid 
“Jeading” his or her clients. Specific questions should be asked 
regarding the animal’s ability to see in a variety of conditions. 
For example, night vision may be reduced (e.g., progressive reti- 
nal atrophy [PRA]), day vision may be primarily affected (e.g., 
axial lens opacity obstructing vision when the pupil is con- 
stricted), or the animal may have problems visualizing stationary 
or moving objects (i.e., central versus peripheral retinal disease). 

The history should never replace the complete examina- 
tion, but it will provide valuable information that supports the 
findings of an ophthalmic examination. 


GENERAL EXAMINATION 


The basic equipment necessary to perform a proper ocular 
examination includes the following: 


a bright, focal light source (a Finhoff transilluminator is ideal) 
Schirmer tear test (STT) strips 


i 
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a variety of ocular stains 

a topical anesthetic 

a mydriatic agent 

eye wash 

sterile culture swabs 

forceps 

surgical blades 

glass slides 

cannulas for nasolacrimal duct irrigations 

some form of ophthalmoscope for examination of the fundus 


The variety of animals that present for ocular examination 
necessitates a variety of examination facilities to accommo- 
date the different animal species. Small animals can usually 
be examined on a table in a closed room; large animals require 
more specialized facilities. Horses may be examined in stocks 
or stalls, cattle in chutes or stanchions, and other large animals 
with appropriate restraint that is safe for both animal and 
examiner; in some cases, this means general anesthesia. 
Regardless of the species or the state of the animal’s oph- 
thalmic health, it is absolutely necessary to have an initially 
well-lit environment with the ability to darken the area as nec- 
essary to allow the examination of specific structures and 
reflexes of the eye. A proper examination area reduces stress 
on both the patient and the veterinarian, which facilitates and 
expedites the ophthalmic examination. 

The initial portion of the ophthalmic examination should 
be performed from a distance. The animal’s attitude, overall 
symmetry and body condition, and ability to navigate in an 
unfamiliar environment are carefully evaluated. This may 
provide some insight into the patient’s general health and 
visual acuity. A general physical examination and thorough 
ophthalmic examination then follow. Because of the close 
relationship of the eye with the central nervous system, a 
complete neurologic examination is indicated in patients 
suspected of having neuro-ophthalmic disease. The neuro- 
ophthalmic examination can provide a rapid assessment of 
the integrity of cranial nerves II through VIII. 


RESTRAINT 


The best method of restraint for any given situation varies with 
the species involved, the patient’s temperament, and the 
desired effect. Generally, however, the best restraint for the 
ophthalmic examination is the least amount possible. Methods 
of restraint include manual, mechanical, and chemical. The 
health of the animal, extent and duration of the ophthalmic 
examination, and needs of the client must be considered before 
a method is chosen, and the client should be informed of any 
potential risk, especially if sedation or general anesthesia is 
necessary for completion of the ocular examination. 

Most dogs and cats require only manual restraint for oph- 
thalmic examinations. Fractious animals, however, may 
require additional restraint. Muzzles can be employed with 
aggressive or fearful dogs, but fractious cats are more difficult 
to restrain. Towels, especially in the form of the “kitty 
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burrito,” or cat bags usually reduce the risk of injury to both 
the owner and examiner, but chemical restraint may be neces- 
sary if a detailed ophthalmic examination is desired. If seda- 
tion or general anesthesia is necessary, it is important to 
consider the effects of pharmacologic agents on the ocular 
examination.” Many anesthetic agents and sedatives decrease 
tear production or alter IOP. In most dogs, sedation and gen- 
eral anesthesia frequently make the ophthalmic examination 
more difficult because the eyes tend to roll downward 
(infraversion) and the nictitating membrane tends to protrude. 
Ketamine with or without diazepam in combination for brief 
sedation of cats results in a loss of the blink reflex, which can 
lead to corneal drying, and mydriasis, which alters the pupil- 
lary light reflexes. It can cause nystagmus and in some species 
will elevate IOP. Opiates may alter pupil size, reactivity, and 
IOP. Butorphanol may induce miosis in the dog.*” Acepro- 
mazine may cause nictitans protrusion, which obscures the 
globe during evaluation. 

In small animals, protrusion of the nictitating membrane is 
frequently a challenge to the thorough ophthalmic examina- 
tion. This problem can be averted by keeping the animal alert 
with movements or interesting noises, moving the patient’s 
head in different directions, positioning the animal over the 
edge of a table or otherwise keeping it off balance, and by lim- 
iting the length of time and intensity of the light to which the 
patient’s eye is exposed. Experienced clinicians can complete 
most examinations quickly by using these maneuvers. Prac- 
tice of the essential components of the ophthalmic examina- 
tion facilitate its completion even in uncooperative patients. 

Chemical restraint greatly facilitates a complete oph- 
thalmic examination of the horse. Xylazine, 0.3 to 0.4 mg/kg 
intravenously, is usually adequate for examination. Especially 
difficult equine patients may require either a higher dose of 
xylazine (1.1 mg/kg intravenously) or a switch to detomidine, 
0.02 to 0.04 mg/kg intravenously, or romifadine. If more inva- 
sive diagnostic or treatment procedures are to be performed, 
such as corneal scrapings or conjunctival biopsies or place- 
ment of a subpalpebral lavage system, most animals will 
require the more potent detomidine with or without the addi- 
tion of butorphanol, 0.01 to 0.02 mg/kg intravenously.’ 
Detomidine or romifadine at an appropriate dose usually 
results in rapid sedation without an excitation phase and with 
a steady head position (without movement such as the jerks 
that are frequently observed with xylazine and butorphanol 
sedation) that is necessary when performing any procedure 
near an eye with impaired corneal integrity.!° Difficult horses 
should be restrained in stocks, and a twitch may be used in 
conjunction with chemical restraint during the examination. 
As with small animals, the use of restraint and sedation in the 
horse depends on the animal’s temperament, the experience of 
the handlers and examiner, and the facilities. 

Dairy cattle can usually be adequately restrained in a stan- 
chion, with the head pulled laterally by an assistant using a 
nose lead. Beef cattle may be more difficult to restrain, and 
squeeze chutes with special head restraints may be necessary. 
Tilt tables are especially useful with ruminants when lateral 
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positioning is required or for better immobilization without 
general anesthesia. Sheep and goats can usually be restrained 
manually with the help of an assistant. Goats can be examined 
standing, and sheep can be examined seated on their rumps to 
avoid excessive movements. Llamas and alpacas may need to 
be supported in a chute or a sling. 

Rodents, rabbits, birds, and small exotics can usually be 
restrained manually, Mice and rats are sometimes challenging 
to examine because of their small size and inherently fast and 
agile movements. Restraint of rodents is best achieved by 
grasping the animal in the palm of the hand with the heel of the 
hand gently tucked under the trunk and tail and then gently sta- 
bilizing the head by holding the base of the skull between the 
thumb and the forefinger.* Alternatively, an open syringe case 
or other thin, rigid tube may be utilized so that the rodent’s head 
is sticking out one end and is stabilized, again with the thumb, 
while the tail is gently grasped from the other end of the tube.** 
Rabbits are usually adequately restrained on a table with a han- 
dler’s hands supporting the hind limbs with one hand and the 
back or neck with the other. Difficult rabbits may be restrained 
in special box devices, and xylazine, 2 to 5 mg/kg intramuscu- 
larly, can be used if necessary.’ Nonhuman primates can be 
similarly restrained in special devices or seats, and ketamine, 5 
to 40 mg/kg intramuscularly, may be used for additional 
restraint.’ Most small to medium-sized birds can be examined 
safely when properly restrained with a hand about the neck and 
feet, with wings tucked in or wrapped within a towel. Leather 
working gloves facilitate handling of raptors and other large 
birds. Ferrets are usually adequately restrained for the ocular 
examination by simply scruffing the animal by the back of the 
neck and suspending it, allowing its legs to dangle. 

Fish present a different challenge because their removal 
from water must be for an extremely limited period (no more 
than 3-5 minutes). Most require heavy sedation or anesthesia, 
which is usually accomplished by adding a species-specific 
dose of tricaine methanesulfonate to a small container of clean 
water and placing the fish in this bath.*° The fish should be 
immobilized within 5 minutes and then is very carefully 
removed from the water and either restrained manually or 
placed gently on a smooth, padded, plastic surface. The fish 
should be kept moist and handled only with powder-free latex 
gloves because its skin is very easily injured.*° 

Whenever an exotic species is to be examined, the clinician 
should have a strong working knowledge of the species- 
specific sedation and anesthetic protocols and their potential 
risks; otherwise, the clinician should defer to an experienced 
exotic animal specialist. Many wild species require sedation 
or anesthesia for the ocular examination in order to secure the 
safety of the examiner and any handlers and to minimize 
stress for the patient. 


Akinesia 


The orbicularis oculi muscle closes the eyelids and thus can 
impair or even prevent ocular examination, especially in large 
animals. Akinesia of this muscle is routine in the horse, 
occasionally required in cattle, but only rarely performed in 


small animals. Eyelid akinesia may be performed for routing 
eye examination, diagnostic procedures (e.g., corneal cyto}. 
ogy, electroretinography [ERG]), treatments (e.g., subcon- 
junctival injections), and to augment anesthesia during 
surgery. Most horses require an auriculopalpebral block in 
order for the veterinarian to fully examine their eyes, espe- 
cially if the horse is afflicted with a painful disease process or 
if the structural integrity of the globe (usually the cornea) js 
compromised. 

The palpebral nerve, which arises from the auriculopalpe- 
bral branch of the facial nerve, innervates the orbicularis oculj 
muscle. These motor fibers may be blocked at any point 
between the origin of the auriculopalpebral nerve and the 
palpebral nerve branch. There are three main points at which 
the auriculapalpebral or palpebral nerves can be blocked 
in the horse (Fig. 9.1.1). The first is just anterior to the base 
of the ear where the auriculopalpebral nerve emerges from the 
parotid salivary gland and becomes subcutaneous on the lat- 
eral aspect of the coronoid process. Here local anesthetic may 
be injected into the depression just caudal to the ramus of the 
mandible at the ventral edge of the temporal portion of the 
zygomatic arch.!’937° The rostral auricular artery and vein 
should be avoided. The second is just lateral to the highest 
point of the caudal zygomatic arch where the palpebral nerve 
can be “strummed” under the skin over the dorsal border of 
the bone.'°#° The third is where the palpebral nerve lies on the 
zygomatic arch caudal to the bony process of the frontal bone. 
Considering the branching of the motor fibers, more proximal 
blocks generally are preferred because they affect more of the 
orbicularis oculi muscle (Fig. 9.1.1).° A 25-gauge, 5/8-inch 
needle is used to inject the 1 to 5 mL (usually 1 to 2 mL is suf- 
ficient) of anesthetic subfascially adjacent to the nerve, and 
the injection site is massaged to facilitate drug diffusion about 
the nerve. Lidocaine is most often employed for this proce- 
dure because of its rapid onset and reasonably long duration; 
however, procaine, bupivacaine, and mepivacaine can be 
used.*! With effective akinesia, ptosis, narrowing of the palpe- 
bral fissure, and occasionally lower-lid ectropion result. These 
effects typically last from 45 minutes to 1 hour.> A hospital- 
ized horse receiving repeated auriculopalpebral nerve blocks 
occasionally becomes resistant, thereby taking longer to 
achieve akinesia and sometimes, requiring higher doses of 
anesthetic. It appears that local tissues become resistant to 
drug penetration and that accurate needle placement for injec- 
tions thus becomes increasingly important. 

Akinesia may be achieved in a similar fashion among cat- 
tle. The auriculopalpebral nerve can sometimes be palpated as 
it passes over a palpable notch in the zygomatic arch at the 
level of the temporomandibular joint.” If the nerve cannot be 
palpated, anesthetic may be injected subcutaneously along the 
zygomatic arch, starting at the supraorbital process and con- 
tinuing approximately 3.75 cm caudally.“ The needle is 
directed caudally, dorsally, and medially until it contacts the 
zygomatic arch. The needle is then advanced over the dorsal 
border of the zygomatic arch, and the area is infiltrated with 
5 to 10 mL of anesthetic. 


i 
t 
i 
£ 


Chapter 9: Ophthalmic Examination and Diagnostics e 441 


(a) 


(b) 


Figure. 9.1.1. The auriculopalpebral nerve block in a horse facilitates examination of the eye and is crucial when the cornea is fragile and near perfora- 
tion. This figure illustrates the proximal placement of the block with the needle, while the arrows mark alternative locations that will elicit a similar response. 


In the dog, the auriculopalpebral nerve can be found and 
blocked along the most lateral part of the zygomatic arch, at 
the midpoint of the caudal third of the bone. Alternatively, 
terminal palpebral nerve fibers may be blocked as they pass 
over the orbital rim. In this case, the orbital rim is palpated, 
and a small-gauge, 5/8- or 1-inch needle is inserted 2-cm lat- 
eral to the lateral canthus. The needle is directed medially 
along the dorsal orbital rim, and then the procedure is repeated 
along the ventral orbital rim, injecting a total of between 1 and 
3 mL of anesthetic throughout the region.° This more distal 
block can also provide some anesthesia through blocking 
local sensory as well as motor nerves. 


Regional Anesthesia/Analgesia 


Sensation to the eyelids is provided by the ophthalmic and 
maxillary divisions of the trigeminal nerve (i.e., cranial nerve 
V). In most domestic animals, the frontal, lacrimal, and 
infratrochlear nerves arise from the ophthalmic division of cra- 
nial nerve V, whereas the zygomatic nerve arises from the max- 
illary division.*>*° In the horse, cow, and dog, the frontal nerve 
innervates most of the central upper lid, the lacrimal nerve 
innervates the lateral upper lid, the zygomatic nerve innervates 
most of the lateral lower lid, and the infratrochlear nerve inner- 
vates the medial canthus.?°7°347 Anesthesia of these nerves is 
occasionally necessary for eyelid and conjunctival biopsies 
and for subpalpebral lavage placement, especially in the horse. 
Most often, any diagnostic or surgical procedure that requires 
blockage of the sensory nerves to the eyelids in small animals 
is performed while the patient is under general anesthesia, 
making usage of sensory blocks of the face very infrequently 
necessary. The risks of general anesthesia to large animal 
patients and the accurate placement of local anesthesia that is 
possible in them with adjunctive sedation make these sensory 
blocks very useful and common in large animal practice. 
Several different sensory blocks may be employed in large 
animals depending on the location of the eyelid lesion to be 


addressed. The central two-thirds of the upper eyelid is inner- 
vated by the frontal or supraorbital nerve and is blocked by 
injecting 2 mL of 2% lidocaine into the supraorbital fora- 
men.“ This foramen can be identified as a small depression in 
the supraorbital process of the frontal bone, medial to its most 
narrow aspect (Fig. 9.1.2). The lateral upper eyelid and lateral 
canthus are innervated by the lacrimal nerve and can be 
blocked with a line block along the lateral third of the dorsal 
orbital rim. A block of the zygomatic nerve will anesthetize 
the lateral lower lid and is achieved with a line block along the 
ventrolateral orbital rim. The medial canthal region is inner- 
vated by the infratrochlear nerve and is desensitized by inject- 
ing anesthetic through the bony trochlear notch on the dorsal 
rim of the orbit near the medial canthus.?20404347 

Analgesia of the eye and orbit and immobilization of the 
globe have many indications, including analgesia for enucle- 
ation, as an adjunctive to general anesthesia to reduce nystag- 
mus (especially in horses) and enophthalmos for intraocular 
surgery, and to facilitate standing diagnostic and treatment 
procedures of the eyelids, globe, or orbit, most frequently in 
large animals. In small animals, retrobulbar injections are 
most commonly used to augment analgesia for enucleation 
procedures or for better positioning or exposure of the globe 
for testing and sampling in the research setting. For enucle- 
ations in small animals, either lidocaine, bupivicaine, or a 
combination thereof is injected behind the globe by means of 
a spinal needle that has been bent into a mild semicircular 
shape and inserted through the conjunctival fornix between 
the globe and the bony orbital wall and carefully walked along 
the orbit until it is positioned behind the globe. The placement 
in small animals is usually one injection laterally or two injec- 
tions, one medially and one laterally. Before injection of the 
anesthetic, the stylet of the needle is removed and the syringe 
is connected and aspirated. If blood enters the syringe, the 
needle should be repositioned so that the agent is not injected 
into a blood vessel. Systemic absorption of an agent placed in 
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Figure 9.1.2. The supraorbital nerve block is performed at the level of 
the supraorbital foramen (directly within the foramen if possible, in the 
region if not) and is useful for anesthesia of the upper eyelid. 


the retrobulbar space is significant, so careful dosing of the 
anesthetic is crucial. This is especially true in cats, in which 
the toxic systemic dose of lidocaine should never be approxi- 
mated or exceeded. The volume of anesthetic required for 
effectiveness varies depending on the size of the animal. 

In large animals, retrobulbar anesthesia is commonly 
employed. In the horse, several methods are described, includ- 
ing the four-point block, the modified Peterson block, and 
direct injection into the orbital cone above or below the zygo- 
matic arch.'° The site above the zygomatic arch and caudal to 
the temporal process of the malar bone requires only a single 
injection, and because it is not located near either the globe or 
the optic nerve, it is relatively safe. In this technique, a 22- 
gauge, 2.5-inch spinal needle is directed through the skin per- 
pendicular to the skull in the orbital fossa, just posterior to the 
posterior aspect of the dorsal orbital rim. The needle is 
advanced until it enters the cone, evidenced by the slight 
“popping” sensation as the eye releases into its normal posi- 
tion.!° After aspiration, 10 to 12 mL of 2% lidocaine, mepivi- 
caine, or bupivicaine is injected into the space so that the 
globe is pushed externally. 

The four-point block is a local muscle block in which 5 to 
10 mL of anesthetic agent is placed in each of four spots (dor- 
sal, lateral, ventral, and medial) with a 20-gauge, 3-inch spinal 
needle through either skin or bulbar conjunctiva following the 
curve of the globe posteriorly into the extraocular muscles and 
orbit. The ventral injection should be directed slightly nasally 
to avoid the optic nerve.!® Frequently, only one or two injec- 
tions are necessary (usually laterally and medially) if the anes- 
thetic is placed with a curved needle to the retrobulbar space, 
as in small animals (Fig. 9.1.3). This technique should not be 
used when intraocular surgery is to be performed because it 
may place pressure on the globe. 

In ruminants, retrobulbar anesthesia is accomplished either 
by retrobulbar injections or the Peterson nerve block or its 
modification. With retrobulbar injection in cows or small 
ruminants, the slightly bent needle is either placed laterally 


(b) 


Figure 9.1.3. A retrobulbar block is performed with a mixture of lido- 
caine, bupivicaine, and epinephrine through a 22-gauge, 2.5-inch spinal 
needle that has been bent to follow the curve of the globe and the orbit 
prior to enucleation. 


and medially at the canthi or dorsally and ventrally through 
the eyelids or conjunctival fornices and directed along the 
orbital walls in to the orbit.***4 In cattle, 10 to 15 mL of 2% 
lidocaine is injected through an 18-gauge, 6-inch needle. In 
small ruminants, a smaller volume is injected through a 22- 
gauge, 3-inch needle.” Many practitioners find that a single 
injection (as opposed to the paired injections) is sufficient to 
achieve the desired result of relative exophthalmos, analgesia, 
and immobilization. 

The Peterson nerve block is performed by placing an 18- 
gauge, 6-inch needle through the notch formed by the supraor- 
bital process cranially and the zygomatic arch ventrally. It is 
advanced horizontally and slightly caudally until it hits the 
coronoid process of the mandible. It is then walked off the ros- 
tral border and advanced to the pterygopalatine fossa where 7 
to 15 mL of 2% lidocaine is injected.“ 


OPHTHALMIC EXAMINATION 


The objectives of the signalment and anamnesis and the eye 
examination are to identify the cause of the ocular disease in 
order to install an appropriate treatment; to determine the sever- 
ity of the ocular diseases; and to choose the right treatment, 


either etiologic and/or symptomatic, medical and/or 
surgical.>!’484° The important steps of the ophthalmic exami- 
nation are discussed in this section. 

The eye examination must be complete, organized, and 
conducted in a timely manner. In addition, certain tests and 
observations must precede others to avoid interference or 
complications. If indications for microbiological sampling are 
present, samples are taken on moistened sterile swabs before 
instillation of any diagnostic drugs (stains, mydriatics, local 
anesthetics) because they contain preservatives that may pre- 
vent the bacterial growth.*~° If a keratoconjunctivitis sicca 
(KCS) is suspected to be the primary cause of the corneal con- 
dition, the Schirmer tear test (STT) may be indicated and 
should also be done early in the ophthalmic examination: it 
must be performed before excessive ocular manipulation and 
instillation of any ophthalmic solutions or ointments.>!’ The 
pupillary light reflexes should be evaluated before mydriatics 
or miotics are used. Similarly, measurement of intraocular 
pressure (IOP) should precede instillation of mydriatics. The 
eye lends itself to examination from the anterior (superficial) 
structures to the posterior (deep) tissues: examination should 
proceed in this order: lids, orbital structures, conjunctiva and 
nictitating membrane, cornea and sclera, anterior chamber 
and iris, lens, vitreous and retina. An orderly, well-planned 
examination saves time and facilitates both the diagnosis and 
treatment of ocular disease (Table 9.1.1). 

A bright and focal source of light such as a Finhoff transil- 
luminator is directed at various angles, using direct illumina- 
tion and retroillumination techniques, and may be used in 
conjunction with magnification to examine the eye. Additional 
equipment needed to perform a more accurate examination of 
the adnexa and anterior segment (slitlamp biomicroscope) or 
the posterior segment (direct and indirect ophthalmoscope) is 
described in the section “Ophthalmic Diagnostic Procedures.” 


Distance Examination and Assessment 
of Vision 


The ophthalmic examination begins with an indirect assess- 
ment of vision and comfort and can be performed in an ade- 
quate illumination prior to tranquilization or nerve blocks if 
either of those procedures is necessary for the next steps of the 
examination. How does the animal navigate in an unfamiliar 
environment? Does it rub or paw at its eyes? 

The distance evaluation assesses the size (i.e., microph- 
thalmia or macrophthalmia, buphthalmia or phthisis bulbi) 
and the position of the globe (i.e., enophthalmos or exophthal- 
mos), as well as the direction of the globes (i.e., strabismus) 
and their movement (i.e., nystagmus). Any ocular discharge, 
ptosis, swelling, or muscle atrophy should also be noted. It is 
important to examine each eye consecutively and to assess 
ocular and adnexal structures for symmetry. For example, a 
subtle enophthalmos or exophthalmos may not be obvious 
when facing the patient but may become apparent when view- 
ing from above the animal’s head. Evaluation of ocular move- 
ments can be achieved by turning the animal’s head from side 
to side. Normal saccadic and optokinetic movements are 
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noted as the eyes move back and forth in synchronicity, with 
the fast phase occurring in the direction of head movement. 
Abnormalities may suggest extraocular muscle, nerve, orbital, 
or central nervous system (CNS) disease. 

Vision, which requires functioning of both the central and 
peripheral ophthalmic systems, may be roughly assessed with 
a menace test. The menace test evaluates the optic nerve 
(afferent way, i.e., cranial nerve II) and the facial and 
abducens nerve (efferent way, i.e., cranial nerves VII and VI). 
It is performed by making a menacing gesture with the hand 
toward the eye, taking care not to touch the vibrissae or cause 
excessive air currents, which may induce a false-positive 


Table 9.1.1 Diagnostic Sequence of the Basic Eye Examination 


|. History 


Signalment, primary complaint, concurrent disease, current 
treatment 


. Assessment of the vision and distance examination 
Observation of the animal’s movement in its environment 


Visual testing: menace response, cotton ball test, visual 
placing, dazzle reflex, maze test 


Palpebral reflex 
Observation of symmetry, ocular discharge 
Eyeball (position, size, direction, movements, retropulsion) 


Observation of the pupil: static (symmetry, size, shape) and 
dynamic (pupillary light reflexes, swinging flash light) 


. Tear test and corneoconjunctival culture 
Corneoconjunctival culture 
Schirmer tear test 


IV. Adnexa and anterior segment examination prior pupillary 
dilation 


Orbit/globes 


Eyelids (skin, palpebral fissure, eyelid margin position, 
abnormal structure: cilia, abscess, neoplasia) 


Nasolacrimal apparatus 
Conjunctiva (color, surface, foreign body) 


Nictitating membrane (position, palpebral side, margin, 
corneal side: search for foreign bodies) 


Cornea (transparency, shine, surface) 
Anterior chamber (transparency ,depth) 
Iridocorneal angle if indicated (gonioscopy) 
Iris (color, aspect, pupil size, pupil shape) 

V. Intraocular pressure measurement and pupil dilation 
Topical anesthesia and applanation tonometry 
Instillation of mydriatic (usually tropicamide 1%) 


VI. Anterior segment examination after pupillary dilation 
Lens (position, size, shape, surface, transparency) 

VII. Posterior segment examination after papillary dilation 
Vitreous (transparency) 


Fundus (tapetal color, nontapetal color, retinal vessels, optic 
nerve head size, color and shape) 


VIII. Additional diagnostic techniques as indicated 
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result. If the animal can see, it should blink or move its head 
away from the stimulus. The menace response is an acquired 
cortical reflex; therefore, some healthy young animals, partic- 
ularly puppies, kittens, and foals, may not demonstrate a posi- 
tive menace response. The menace response can be absent 
during the first 9 days postpartum in foals*! and should be 
acquired by 2 weeks of age.*”*? The menace test should be 
performed on horses before eyelid akinesia. The response to a 
menace is also inconsistent in birds.* If a patient does not 
cooperate for the menace test, which is a problem common in 
the cat, a cotton ball may be thrown across the animal’s line of 
sight. An animal with vision (afferent way, cranial nerve II) 
will usually follow this stimulus, so oculomotor nerves are 
also evaluated with this test (efferent way, i.e. cranial nerves 
III, IV, and VI). Multiple attempts may be required to attract 
the animal’s attention, however, which may desensitize the 
animal to the stimulus. 

The visual placing can also be performed in small animals 
to test motor function and mental status. The animal is held in 
space and supported under the chest and head while approach- 
ing a flat surface such as a table. The normal response is to 
extend and raise the legs in anticipation of standing on the sur- 
face. If the expected response is not forthcoming, then tactile 
stimulation should be used to establish the normalcy of pro- 
prioception and the efferent way of the reflex. 

The palpebral reflex or blink reflex should be tested in ani- 
mals that fail to blink completely. The medial or lateral can- 
thus (or both) is gently touched, which normally stimulates a 
blink reflex. If cranial nerves V (afferent way, i.e., trigeminal 
nerve) or VII (efferent way, i.e., facial nerve) are not function- 
ing or the eyelids are physically unable to close (e.g., buph- 
thalmia), the animal may not blink completely. 

The pupils should be observed for asymmetry (i.e., 
anisocoria) in both light and dark settings. An animal with 
unilateral Horner’s syndrome, for example, may have sym- 
metrically constricted pupils in bright light. In dim light, how- 
ever, only the normal pupil dilates. The examiner may more 
accurately assess pupil asymmetry by looking through a direct 
ophthalmoscope from a distance of 3 to 5 feet. The ophthal- 
moscope is set at zero or a positive diopter setting, and the 
examiner observes the patient’s pupils while directing the 
light source toward the bridge of the patient’s nose. The pupil- 
lary light reflex (PLR) can then be tested using a focal light 
source. This subcortical reflex requires functioning of the 
retina, cranial nerves II (afferent way, i.e., optic nerve) and II 
(efferent way, i.e., parasympathetic fibers along the oculomo- 
tor nerve), midbrain, and iris sphincter muscle, which explains 
why cortically blind animals can have a normal PLR. Both 
direct and consensual (i.e., constriction of the contralateral 
pupil) PLRs should be tested. Because all optic nerve fibers 
decussate at the optic chiasm in nonmammalian vertebrates, 
these animals are not expected to have a true consensual 
PLR.’ A false consensual PLR, however, may be noted in 
avian species related to direct passage of an intense light 
through the illuminated eye, across the thin septum dividing 
the orbits, and onto the contralateral retina. 


The “swinging flashlight” technique is a modification of 
the PLR test. A focal light source is passed repeatedly from 
one eye to the other, which normally stimulates the pupil 
under direct illumination to constrict slightly more than the 
contralateral pupil. A unilateral lesion of the retina or a prechi- 
asmal optic nerve will often result in a pupil that constricts 
when the fellow eye is illuminated but subsequently dilates 
when illuminated directly. Fearful animals with excessive 
release of epinephrine and norepinephrine from the adrenal 
medulla as well as animals under the effects of topical or sys- 
temic drugs inducing mydriasis or miosis may have abnormal 
pupillary reflexes. Anisocoria and abnormalities of the pupil- 
lary reflexes are discussed in detail in Chapter 29. 

The “dazzle” reflex is a subcortical reflex that requires 
functioning of the retina and cranial nerves II (afferent way, 
i.e., optic nerve) and VII (efferent way, i.e., facial nerve). A 
bright, focal light source must be used, particularly in animals 
with lesions obstructing the visual axis. Blinking or squinting 
represents a normal response. 

In animals suspected of blindness, an obstacle course or 
“maze test” may be used to determine clinical vision. Gray 
foam cylinders are used to create a maze in the examination 
room through which the patient must navigate. In the absence 
of such equipment, chairs, tables, and garbage cans will suf- 
fice. The test should be performed in both light and dim illu- 
minations, thereby allowing the animal time to adjust to the 
darkness, and obstacles may be readjusted to avoid memoriza- 
tion. For the dark-adapted test, a red light is ideal. The maze 
test is particularly useful in animals with suspected retinal 
degenerations. 


Tear Tests and Microbiological Sampling 


At this point in the examination, or even before some of the 
aforementioned tests are conducted, the STT should be per- 
formed (see “Tear Tests” under “Ophthalmic Diagnostic Pro- 
cedures”). Excessive manipulation of the eye and orbit before 
tear testing may prematurely stimulate reflex tearing, which 
could falsely elevate the STT values as well as the instillation 
of any diagnostic eye drops (stains, mydriatics, local anesthet- 
ics). If a microbiological culture is indicated for any conjunc- 
tival or corneal condition, it should be performed before the 
STT and before the instillation of any diagnostic eye drops.” 
Adnexa and anterior segment examination is performed 
before pupil dilation. The orbit itself is then evaluated by 
observation, palpation of the bony orbital rim, retropulsion of 
the globe through a closed eyelid, and manipulation of the 
mandible. As the coronoid process of the mandible ramus 
impinges on the lateral orbit, jaw manipulation may reveal 
pain or resistance associated with orbital infections, neopla- 
sia, and trauma. In such instances, the roof of the mouth 
should be examined for any abnormalities, with particular 
focus on the soft palate caudal to the last upper molar on the 
affected side. The eyeball itself is observed for any change in 
symmetry, size, position, direction, and movements. Diagnos- 
tic procedures for the orbit and globe may include survey 
radiography, orbital arteriography and venography, special 


radiographic contrast procedures (i.e., air and radiopaque 
materials), B-scan ultrasonography, biopsy, and orbitotomy. 

Eyelids should then be examined for position, movement, 
and conformation as well as for dermatologic lesions. The 
eyelids should be manually everted to examine the conjuncti- 
val surfaces as well as the external surfaces and eyelid mar- 
gins for evidence of abnormal eyelashes or hair (trichiasis, 
distichiasis, ectopic ciliae), foreign bodies, tumors, or infec- 
tions. The eyelids differ between species to a considerable 
extent. The upper eyelid is more mobile in mammals whereas 
the lower eyelid is more mobile in many lower vertebrates. 
Larval amphibians and most fish lack eyelids. Metamor- 
phosed amphibians have poor lid development. Most reptiles 
have mobile lower eyelids, although crocodilians have well- 
developed upper lids with bony tarsal plates. Birds have a 
tarsal plate in the lower eyelid and an almost transparent nicti- 
tating membrane. The complete fusion of the upper and lower 
eyelids forms the spectacle in snakes and geckos.’ The eyelids 
normally follow the curvature of the cornea, with the meibo- 
mian gland openings exposed and the palpebral conjunctiva 
unexposed. Many species are susceptible to eyelid and eye- 
lash abnormalities. If the eyelid margin is rolled either out- 
ward (1.e., ectropion) or inward (i.e., entropion), discomfort, 
epiphora, conjunctivitis, and even keratitis may develop. Ker- 
atitis-induced blepharospasm can further exacerbate entro- 
pion because of orbicularis oculi muscle hypertrophy, thus 
necessitating use of topical anesthesia or even a palpebral 
nerve block to evaluate the degree of anatomic defect. 

The nictitating membrane should be observed for the con- 
junctival appearance on the palpebral (outer) and bulbar (inner) 
surfaces (discussed later in this chapter), its protrusion, any 
abnormal masses (tumors, granulomas, proptosis of the nictitat- 
ing membrane gland), foreign bodies, and eversion of the carti- 
lage. Manual retropulsion of the globe will cause protrusion of 
the nictitating membrane to facilitate examination of the ante- 
rior surface of the membrane and the leading edge that is usu- 
ally pigmented. With chronic conjunctivitis, the bulbar surface 
of the nictitating membrane in particular should be examined 
for lymphoid follicles or trapped foreign bodies. Topical tetra- 
caine or proparacaine is instilled, and the nictitating membrane 
is protracted with Van Graefe’s forceps (Fig. 9.1.4). In lightly 
pigmented animals, particularly ungulate species, the external 
surface of the nictitating membrane is a common site for squa- 
mous cell carcinoma, and digital palpation under topical anes- 
thesia is indicated if abnormalities are noted. There is a lack of 
nictitating membrane in nonhuman primates and in species 
with spectacles (snakes and geckos). 

The nasolacrimal system is then assessed, and any exces- 
sive tearing or hypofunction of the tear secretion is noted. The 
excessive tearing can be caused by a partial or complete 
obstruction of the drainage apparatus or an increased lacrima- 
tion resulting from ocular irritation and uveitis. The drainage 
apparatus is evaluated by noticing the presence of abnormal 
discharge (i.e., epiphora, crusty, mucoid, or mucopurulent dis- 
charge) and by examining the dorsal and ventral lacrimal 
puncta. These lacrimal puncta are located 2- to 5-mm lateral 
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Figure 9.1.4. Examination of the bulbar surface of the nictitating 
membrane is performed after instillation of a topical anesthetic and using 
thumb forceps (Von Graefe’s forceps). 


of the nasal canthus and 1- to 3-mm bulbar to the eyelid mar- 
gins in the canine. In some animals, pigment around the mar- 
gin of the opening facilitates localization. The rabbit lacks a 
superior punctum, and the pig lacks an inferior punctum. In 
addition, the entire nasolacrimal apparatus is absent in 
aquatic, lower vertebrates including fish, amphibians, and 
chelonians.* The lacrimal sac, which is located subcuta- 
neously just ventral to the medial canthus, may become 
infected (i.e., dacryocystitis) and swollen. The nasolacrimal 
duct itself may similarly become obstructed, especially as it 
passes through the bony maxilla, where there is little room for 
dilation. Patency of this apparatus is tested by placing fluores- 
cein dye in each eye and then observing its passage at the 
nares. If an obstruction of the nasolacrimal drainage apparatus 
is suspected, a nasolacrimal flush can be performed to deter- 
mine the type and degree of obstruction. In cases of infection, 
obstruction, or both, debris may be collected for culture and 
cytology. Contrast radiography (i.e., dacryocystorhinography) 
may also be useful in cases of chronic obstruction or sus- 
pected neoplasia. These procedures are discussed in more 
detail under Part 2 of this chapter. 

The quality and quantity of the tear secretion is indirectly 
assessed by the observation of the normal preocular tear film 
(PTF). The PTF is a three-layered structure with both protec- 
tive and nutritional roles. The middle, or aqueous, layer is pro- 
duced primarily by the lacrimal and nictitans glands in 
mammals, and deficiencies may be identified via the STT. The 
inner, or mucin, layer is produced primarily by conjunctival 
goblet cells, and deficiencies may produce signs of KCS in ani- 
mals with normal STT values. Tear breakup times, discussed 
under “Ophthalmic Diagnostic Procedures,” aid in the identifi- 
cation of these mucin deficiencies. Finally, the outer, or lipid, 
layer of the tear film is produced primarily by the meibomian 
glands, and deficiencies may occur with inflammations and 
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congenital defects of the eyelid margins. Tear breakup times 
are also useful in the diagnosis of this disorder. Slitlamp biomi- 
croscopy may be useful in characterizing the microscopic 
details of the PTF by observing its specular reflections. An 
additional test used to detect tear film abnormalities is the rose 
Bengal dye or lissamine green dye test (see “External Oph- 
thalmic Stains”), which primarily evaluates the integrity of the 
mucin layer of the PTF. 

The palpebral, bulbar, and nictitating membrane conjunc- 
tiva should be examined for evidence of inflammation (hyper- 
emia, chemosis, symblepharon), trauma, foreign bodies, 
aberrant cilia (palpebral surface), petechiae, lymphoid folli- 
cles, and abnormal growths (tumors). The conjunctiva can be 
used to assess the presence of icterus or anemia. The caruncle, 
which is a small, irregular nodule located in the medial can- 
thus, is larger in ungulates than in carnivores, and it may also 
be a common site of squamous cell carcinoma. Additional 
tests for conjunctival diseases include culture, cytology, 
biopsy, immunofluorescent antibody (IFA) tests, and poly- 
merase chain reaction (PCR) tests (mainly for detection of 
feline herpesvirus). Scrapings for IFA tests should be obtained 
before administration of fluorescein dye because the dye will 
yield false-positive results.~4 

The cornea is examined next. Most mammalian corneas are 
oval, with a horizontal diameter larger than the vertical diame- 
ter. The normal cornea is an avascular, nonpigmented, convex 
structure. The presence of surface irregularities (growth or 
defects), blood vessels, pigment, or other opacities indicates 
disease. Corneal integrity is most readily evaluated with fluo- 
rescein dye. The dye is hydrophilic, binding readily to 
exposed corneal stroma when ulcers are present. The dye will 
not bind to intact healthy corneal epithelium, however, or to 
the endothelium and Descemet’s membrane. 

Corneal sensation may be demonstrated by touching the 
cornea gently with a thin wisp of cotton while holding open 
the eyelids. When touched from the periphery to avoid a men- 
ace response, the normal corneal reflex is retraction of the 
globe, with protraction of the nictitating membrane. This 
corneal reflex tests cranial nerves V, VI, and VII. The degree of 
corneal sensation can be semiquantified in different areas of 
the cornea using an esthesiometer, which is discussed later. 

Slitlamp biomicroscopy may be useful in characterizing 
the microscopic details and exact depth of corneal lesions. 
Specular microscopy may elucidate the cellular abnormalities 
and densities of the corneal endothelium. Additional tests for 
corneal disease include culture, cytology, STT, and rose Ben- 
gal or lissamine green stains. 

The anterior chamber is observed for its transparency and 
depth. The anterior chamber depth shows more variation in 
exotic species than in domestic animals, which is partly a 
reflection of the size and shape of the lens. In fish, the lens 
may appear to almost touch the cornea. The anterior chamber 
depth may decrease because of intumescent cataracts, iris 
bombé, or mass in or behind the iris, or it may appear to be 
unusually deep in animals with the loss of lens support in 


cases of aphakia or pseudophakia, reabsorbing cataracts, or 
lens luxations. A slit beam, as may be found on many direct 
ophthalmoscopes, pen lights, and slitlamp biomicroscopes, 
may be useful in evaluating the depth of the anterior chamber, 
The aqueous humor of the anterior chamber should be trans- 
parent, therefore free of blood (i.e., hyphema), cells (i.e, 
hypopyon), fibrin, cysts, parasites, tumors and other foreign 
bodies, and protein (i.e., aqueous flare). Aqueous flare can 
similarly be detected with a slit beam. In a dark room, a slit or 
tiny circular beam is focused on the cornea and viewed from 
an angle perpendicular to the beam. Containing only 10 to 50 
mg/1 dL protein, the normal aqueous humor is clear.5556 With 
inflammation, however, this protein content can reach 5 to 7 
g/dL, which is a condition called plasmoid aqueous.557 
Under these conditions, both protein and cells suspended in 
the aqueous humor reflect the focused beam, thus creating the 
Tyndall effect. An otoscope head or slitlamp biomicroscope 
can provide magnification for characterizing microscopic 
debris such as keratic precipitates or aqueous floaters. 

If the anterior chamber cannot be visualized because of 
corneal opacification, B-scan ultrasonography may prove use- 
ful for evaluating chamber depth and consistency. Aqueous 
paracentesis, described under “Ophthalmic Diagnostic Proce- 
dures,” may provide useful information via culture, serology, 
or cytology. Laser cell fluorophotometry or flaremetry, a 
recently developed diagnostic technique, can also measure 
protein and cellular debris levels in the aqueous humor. 

Because of the presence of the scleral shelf, the canine iri- 
docorneal angle and ciliary cleft cannot be visualized without 
special lenses. The direct goniolens and indirect gonioprism 
allow observation of the filtration angle for congenital defects, 
abnormal narrowing, peripheral anterior synechiae, extension 
of iris or limbal neoplasms, and foreign bodies. Any animal 
with glaucoma should be repeatedly evaluated gonioscopi- 
cally to characterize the iridocorneal angle and ciliary cleft 
conformation as either open, narrow, or closed. If glaucoma is 
unilateral, the fellow eye should be examined for abnormali- 
ties that may indicate predisposition to developing bilateral 
disease. Furthermore, animals with anterior uveitis known to 
be predisposed to angle abnormalities and glaucoma should 
be evaluated periodically by gonioscopy. This will allow 
improved decisions regarding prophylactic antiglaucoma 
therapy and prognosis. The gonioscopy instruments and tech- 
niques are described in detail later in this chapter. Though still 
experimental, ultrasonic biomicroscopy using probes from 40 
to 60 MHZ permits high-resolution imaging of the aqueous 
outflow pathways. 

The iris is evaluated for color, consistency, pupillary mem- 
branes strands, pupil size and pupil shape, and stability. Multi- 
ple colors within an iris may occur congenitally, as with 
heterochromia irides, or may be acquired, as with chronic 
inflammation or neoplasia. Blue irises occur in some lightly 
pigmented breeds, whereas albino animals have pink to white 
irises. Iris darkening or thickening (or both) may occur with 
chronic inflammation and neoplasia. Hypoplastic and atrophic 


irises are thin, and they usually transilluminate; focal holes 
may be present as well, especially near the pupil margin. 

The major arterial circle of the iris is often visible as an ele- 
vated, wavy line near the iris base. A similar structure, the 
minor arterial circle of the iris, may occasionally be seen near 
the pupil margin. Strands of pigmented tissue on the iris col- 
larette, which are occasionally seen extending to contact the 
lens, cornea, or other sites of the iris collarette, are abnormal 
remnants called persistent pupillary membranes. Strands of 
iridal tissue not arising from the collerette and extending to 
the cornea and lens are called anterior and posterior synechia, 
respectively. Adhesions of the peripheral iris to the peripheral 
posterior cornea and across the opening of the ciliary cleft are 
called peripheral anterior synechiae. 

The pupil may be abnormally dilated with iris atrophy, glau- 
coma, retinal disease, or optic nerve disease, or it may be abnor- 
mally small with Horner’s syndrome or anterior uveitis. 
Abnormalities of pupil shape may occur with lens luxations, 
posterior synechiae, iris neoplasia, trauma, or iris atrophy. With 
reabsorbing cataracts, lens luxations and subluxations, and 
pseudophakia, the iris may be observed to tremor (i.e., iri- 
dodonesis) during eye movement, which is caused by the lack 
of lens support. The pupil is round in dogs, a vertical slit in cats, 
and a horizontal ellipse in horses and cattle. Most ungulate 
species have nodular extensions of the posterior pigmented 
epithelium of the iris (i.e., granula iridica or corpora nigra), 
which protrude along the dorsal and ventral pupillary margins. 
Similar structures are not typically seen in small animals. Pupil- 
lary masses in small animals should be retroilluminated to 
determine whether they are hollow (..e., cystic) or solid (i.e., 
neoplasia). Details of iris lesions may be seen through an oto- 
scope head or, preferably, slitlamp biomicroscope. A slit beam 
can be used to determine if an iris lesion is elevated. Further 
diagnostic procedures include transillumination, retroillumina- 
tion, gonioscopy, ultrasonography, brush cytology, and biopsy. 


Intraocular Pressure Measurement 
and Pupil Dilation 


Before administration of mydriatics, all animals presented for 
ophthalmic examination should have the IOP evaluated by 
instrumental tonometry. Eyes with IOP elevations to between 
25 and 40 mmHg may not demonstrate overt signs of glau- 
coma. IOP may be measured with the TonoPen, the pneu- 
matonograph, the Mackay-Marg tonometer, or less preferably, 
the Schiotz tonometer (see “Tonometry” in this chapter). 

In the absence of glaucoma, pupils are chemically dilated. 
Tropicamide (1%) is preferred in most mammals because of its 
rapid onset (10-20 minutes) and relatively short duration (6-8 
hours in dogs and 8-12 hours in horses).** Atropine (1%) is 
preferred in the rat, and tubocurare derivatives such as vecuro- 
nium (0.5% in raptors) must be used in nonmammalian verte- 
brates because of the presence of striated muscle fibers in the 
pupillary sphincter muscle. Atropine is usually not used for 
diagnostic purposes in dogs and horses because it lasts up to 3 
days in dogs and 5 to 14 days in horses.°!”’ It is also not used in 
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cats because it may stimulate profuse salivation due to the bitter 
taste. Inflamed irides usually resist mydriasis and often require 
multiple doses of tropicamide (1%), atropine (1%), or the addi- 
tion of phenylephrine (10%) and scopolamine (0.3%). Com- 
plete mydriasis is essential for thorough cataract evaluations as 
well as for peripheral fundic examinations. 


Anterior Segment Examination after Pupil 
Dilation: Lens Examination 


The lens is evaluated with both direct illumination and retroillu- 
mination for its position, size, shape, surface irregularities, and 
transparency. Size and shape of the lens in different species 
varies tremendously. A slit beam is often useful in charac- 
terizing cataracts. While directing the beam onto the lens and 
looking from an oblique angle, the examiner observes a cross- 
section of that lens. Cataracts should be classified both anatom- 
ically and by stage of maturity. The presence of wrinkling in the 
anterior lens capsule and visibility of a tapetal reflex can help 
with staging cataract maturity. Cataract appearance and loca- 
tion may give clues as to the cause. Diabetic cataracts and some 
inherited cataracts (e.g., in Afghan Hounds and Standard Poo- 
dles) often begin as equatorial vesicles or clefts. Posterior axial 
cataracts may occur with persistent hyperplastic primary 
vitreous or progressive retinal atrophy. 

When using the slitlamp biomicroscope, higher magnifica- 
tions may help to distinguish lens imperfections from true 
cataractous changes. Lens imperfections appear as irregulari- 
ties of the anterior and posterior Y-sutures or as multiple linear 
areas in the lens nucleus. These abnormalities are translucent, 
and they may regress with age. Nuclear sclerosis, which is an 
aging change that leads to a hazy, gray-blue appearance in the 
center of the lens, must be distinguished from a senile 
cataract. The lens may appear to be cataractous at a glance, but 
retroillumination and ophthalmoscopy demonstrate that 
nuclear sclerosis does not actually obstruct the passage of 
light or prevent visualization of the ocular fundus. Other 
methods of lens evaluation include both A- and B-scan ultra- 
sonography and magnetic resonance imaging (MRI). 


Posterior Segment Examination 


The vitreous is normally a clear and homogenous gel that fills 
the space between the posterior axial lens capsule, posterior 
chamber, and ocular fundus. In prenatal animals, the hyaloid 
artery extends from the center of the optic disc to the posterior 
lens capsule. In very young animals, and especially ruminants, 
a persistent hyaloid artery may be visible postnatally for several 
weeks. In cattle, a proximal remnant of this artery can be seen 
extending a short distance from the optic disc (i.e., Bergmeis- 
ter’s papilla). Visualization of a proximal hyaloid remnant 
requires either direct or indirect fundoscopy (see “Direct 
Ophthalmoscopy and Indirect Ophthalmoscopy”), or slitlamp 
biomicroscopy using the Hruby and Goldmann lenses. 
Abnormalities of the anterior vitreous may be observed with 
direct illumination and slitlamp biomicroscopy. The vitre- 
ous should be examined for extensions of uveal or retinal 
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hemorrhages, neoplasia, parasites, retinal detachment, infection, 
and inflammation. Degenerative changes appear as sus- 
pended crystalline formations (i.e., asteroid hyalosis), shifting 
“snowflakes” (i.e., synchysis scintillans), or accumulations of 
collagen and cells (i.e., vitreal floaters). Ultrasonic examination 
of the vitreous may prove useful if direct visualization is 
impaired. Another diagnostic procedure, vitreous paracentesis 
(i.e., hyalocentesis), is particularly useful with inflammatory 
lesions of the vitreous space and is discussed under “Ophthalmic 
Diagnostic Procedures.” 

Successful examination of the ocular fundus requires inti- 
mate knowledge of the normal variations within each species. 
The fundus is a complicated structure that can suffer a variety of 
pathologic conditions, so it should be thoroughly examined in a 
systematic manner. Structures or areas to be evaluated include 
the optic nerve head (i.e., optic disc or optic papilla: shape, 
color, and topography), retinal vasculature (number and size), 
tapetal fundus in species with a tapetum (reflectivity, pigmenta- 
tion, depigmentation, hemorrhage, exudates), and nontapetal 
fundus. Diagnostic procedures to evaluate the ocular fundus 
include both direct and indirect ophthalmoscopy, slitlamp 
biomicroscopy with the Hruby lens, fluorescein angiography, 
electroretinography (ERG; i.e., flash and pattern), ultrasonogra- 
phy, biopsy, scanning laser tomography, and optical coherence 
tomography. Direct and indirect ophthalmoscopy are the 
primary means to visualize and evaluate the ocular fundus. 
Fluorescein angiography permits analysis of the retinal and 
choroidal blood vessels, their permeability, and the integrity of 
the retinal pigment epithelium (RPE). Flash ERG, discussed in 
Part 4 of Chapter 9, evaluates the function of the outer retinal 
layers and is most useful in the diagnosis and investigation of 
retinal degenerations. Though still experimental, the pattern 
ERG is indicated for those diseases affecting the inner retinal 
layers (e.g., glaucoma). The newer imaging procedures, such as 
scanning laser tomography and optical coherence tomography, 
permit high-resolution topographic and full-thickness visuali- 
zation of the retinal layers (see Chapter 9, Part 2). 


OPHTHALMIC DIAGNOSTIC PROCEDURES 


Slitlamp Biomicroscopy 


Slitlamp biomicroscopy permits improved direct visualization 
of surface lesions of the eyelids, conjunctiva, sclera, and iris. 
More importantly, it enables the examiner to identify and local- 
ize even the most subtle lesions of the cornea, anterior cham- 
ber, lens, and anterior vitreous. When combined with special 
lenses, the slitlamp biomicroscope can also be used to evaluate 
the iridocorneal angle and ciliary cleft, pars plana, and ocular 
fundus.® The slitlamp biomicroscope remains the instrument 
of choice for the examination of the ocular anterior segment. 
In 1911, Gullstrand developed the first slitlamp biomicro- 
scope, combining a corneal microscope with a slit lamp that 
used a magnesium oxide light.°*4 After years of refinement 
and modifications,® the slitlamp biomicroscope saw its first 
publications in veterinary medicine when Uberreiter described 


Figure 9.1.5. The portable binocular Kowa SL15 slitlamp biomicroscope 
with an external, pivoting, and adjustable light source. The strong white 
focal light can be modified by a series of diaphragms and filters that adjust 
the light shape (diffuse or focused beam); the light intensity; and the light- 
beam width, length, orientation, and color (cobalt blue or red free). In addi- 
tion, the entire housing of the light source pivots to change the direction of 
the beam. Returning light is focused through the objective lenses of the 
binocular microscope and can be adjusted from x5 to x40, depending on 
the model. 


its use in the evaluation of both normal and diseased animal 
eyes between 1953 and 1959.6568 Later, Martin published a 
series of papers on slitlamp biomicroscopy of the normal dog 
eye, 9-1 

A binocular microscope with an external, pivoting, and 
adjustable light source forms the basic design of the slitlamp 
biomicroscope (Fig. 9.1.5). The strong white focal light can 
be modified by a series of diaphragms and filters that adjust 
the light shape (diffuse or focused beam); light intensity; and 
light-beam width, length, orientation, and color (cobalt blue 
or red-free). In addition, the entire housing of the light source 
pivots to change the direction of the beam. Returning light is 
focused through the objective lenses of the binocular micro- 
scope, and magnification can be adjusted from x5 to x40, 
depending on the model. It is interesting to keep in mind the 
optic properties of the examined eye because it adds magnifi- 
cation to the biomicroscope’s magnification. Therefore, the 
magnification of the biomicroscope remains unchanged at the 
surface of the cornea but is multiplied by 1.1, 1.3, 1.5, and I 
inside of the cornea, at the anterior capsule, in the center of the 
lens, and at the posterior lens capsule, respectively (numbers 
valid for human).665=7! 

Both table-mounted and portable slitlamp biomicroscopes 
are available.® Table-mounted models are more expensive 
and delicate, but they offer a wider range of magnifications, 
greater variability of slit-beam width and orientation, and the 
potential for photography. They are useful for both laboratory 


Figure 9.1.6. The use of the slitlamp biomicroscope in a dog. 


and small animal patients. Table-mounted slitlamp biomicro- 
scopes are manufactured by Haag Streit, Marco, Nikon, 
Reichert, Topcon, and Zeiss. Portable units are less expensive 
and can be used on both small- and large-animal patients in 
any position (Fig. 9.1.6). These factors have made handheld 
slitlamp biomicroscopes the models of choice among veteri- 
nary ophthalmologists (Fig. 9.1.6). Portable models are avail- 
able from Clement-Clark, Kowa, Nippon, and Zeiss. Kowa 
has produced several portable models, the newest of which is 
the SL-15 (Fig. 9.1.5). This lightweight, durable model is 
powered by a rechargeable battery, thereby improving its 
portability. Slit-beam widths are preselected at 0.1, 0.2, and 
0.8 mm; ocular magnifications of x10 and x16 are included. 
Older models, which are no longer manufactured, include the 
SL-1, SL-2, and SL-5. The SL-2 has a continuously variable 
slit-beam width of 0 to 10 mm and a zoom magnification sys- 
tem ranging from x5 to x20. The SL-5 has preselected slit- 
beam widths of 0.1, 0.2, and 0.8 mm and ocular 
magnifications of x10 and x20. The Zeiss model has a fixed 
magnification of x12. Because the portable models are most 
commonly used in veterinary ophthalmology, additional 
details are provided. 

Before performing slitlamp biomicroscopy, the oculars 
(i.e., eyepieces) should be adjusted to accommodate the inter- 
pupillary distance and to correct the refractive error of the 
examiner’s eyes.°*4”? This is done by focusing on a target rod 
i.e., focusing bar) that attaches to the instrument at a fixed 
distance from the objective (i.e., the focal distance of the slit 
beam) or on small print or small parallel lines present in the 
periphery of the viewing field as seen through the slitlamp.” 
The animal’s head is restrained by an assistant or the exam- 
iner’s free hand (Fig. 9.1.6). In the sedated or anesthetized 
patient, an eyelid speculum may be useful; in such cases, the 
cornea must be kept moist with normal saline or ocular flush 
to prevent optical distortion as well as corneal damage. The 
light beam is angled at 20 to 45 degrees from the axis of the 
microscope, usually away from the muzzle to avoid interfer- 
ence, and the oculars are rested against the examiner’s brow. 
The focal distance of the instrument is 7 to 10 cm, at the 
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intersection of the light beam axis with the microscope axis, 
and the fine focus is achieved by moving either toward or 
away from the eye within this range. Following this first part 
of the biomicroscopic examination (i.e., eyelids, conjunctiva, 
cornea, anterior chamber, and iris), 1% tropicamide (1% 
atropine in the rat) can be instilled to induce mydriasis in 
order to perform the biomicroscopic examination of the 
lens.) 

The slitlamp biomicroscope allows many ways of illumina- 
tion according to the goal of the examination (Fig. 9.1.7): 
direct illumination when the light is focused directly onto the 
object of interest, retroillumination when the light is directed 
behind the object of interest, and specular reflections when the 
surface is evaluated by these reflections. Direct illumination 
can be diffuse (i.e., unfocused) or focal (i.e., focused); retroil- 
lumination can be direct (1.e., the object is viewed directly 
against the illuminated light-reflecting surface) or indirect 
(i.e., the object is viewed against a dark background beside the 
illuminated light-reflecting surface), 

Initially, diffuse illumination is used to locate the eye and to 
inspect the surface of the eyelids, cornea, conjunctiva, and iris, 
but no localization in depth 1s possible with this method. This 
technique is performed using a wide, low-intensity slit beam. 
The examination then continues with a direct focal illumina- 
tion. Using low magnification, a broad slit beam is focused on 
the cornea creating a parallelpiped or “optical block” (i.e., 
three-dimensional section) of illuminated tissue; this method is 
used to examine transparent media (cornea and lens) and 
allows localization of the lesions in depth (Fig. 9.1.8). This 
method allows visualization of the cornea, including an ante- 
rior surface seen as a bright sharp line (tear film) with a dark 
zone underneath (epithelium); an intervening stroma seen as a 
wide, diffuse, gray (translucent) zone; and the posterior surface 
(Descemet’s membrane and endothelium) seen as a bright, 
sharp, deep line. The lens can be similarly evaluated in three 
dimensions with a sharp convex line (1.e., anterior capsule), a 
less sharp concave line (1.e., posterior capsule), and a wide dif- 
fuse, gray zone in between (1.e., lens nuclei, lens cortex, lens 
sutures). The anterior chamber is normally invisible, but abnor- 
mal presence of red blood cells, white cells, or protein (i.e., 
aqueous flare or Tyndall effect) can also be seen using this 
method. However, nontransparent structures such as the iris 
yield only a magnified, two-dimensional view. The slit beam is 
then narrowed and intensified to reveal a two-dimensional 
cross-section (called “optic section”) of the cornea and lens, 
thereby allowing the examiner to accurately determine lesion 
depth and axial positioning. The thinner the slit-beam, the bet- 
ter the definition and the depth localization of the lesions. This 
property of the narrow beam (i.e., permitting visualization and 
localization by means of optic sections, analogous to the serial 
sections in histology) is of the greatest importance. 

Direct and indirect retroillumination is performed by 
reflecting the slit beam from deeper structures while focusing 
on more superficial structures. This technique improves detec- 
tion of opacities in the cornea, anterior chamber, lens, and vit- 
reous, because they reflect, refract, or obstruct returning light. 
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Figure 9.1.7. The slitlamp biomicroscope allows many ways of illumination according to the goal of the examination: direct illumination when the light is 
directed directly onto the object of interest (A, B, C, & D) and retroillumination when the light is directed behind the object of interest (E, F, G, & H), and spec- 
ular reflections when the surface is evaluated by these reflections (I, J, & K). Direct illumination can be diffuse (i.e., unfocused) (A & B) or focal (i.e., focused) 
(C & D); retroillumination can be direct (i.e., the object is viewed directly against the illuminated light-reflecting surface) (E & F) or indirect (i.e., the object is 
viewed against a dark background beside the illuminated light-reflecting surface) (G & H). Yellow arrows: direction of the light beam. Black arrows: direction 
of the observer (full line: direct observation; dotted line: indirect observation). A: blue iris of a horse, B: blue iris of a dog, D: eye of an owl, F: ciliary body cyst 
in a cat, H: iris cyst in a dog, J: corneal edema in a horse, K: normal view of the dog cornea, anterior, chamber and iris. 


(a) (b) 
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Figure 9.1.8. Focal illumination with the slitlamp: importance of the thickness of the beam. To perform an examination with a direct focal illumination, a 
broad slit beam is focused on the cornea, creating a parallelpiped or “optical block” (i.e., three-dimensional section) of illuminated tissue (A & B). This 
method is used to examine transparent media (cornea and lens) and allows localization of the lesions in depth as well as visualization of the cornea, includ- 
ing an anterior surface seen as a bright sharp line (tear film) with a dark zone underneath (epithelium); an intervening stroma seen as a wide, diffuse, gray 
(translucent) zone; and posterior surface (Descemet's membrane and endothelium) seen as a bright, sharp, deep line. The lens can be similarly evaluated in 
three dimensions with a sharp convex line (i.e., anterior capsule), a less sharp concave line (i.e., posterior capsule), and a wide, diffuse, gray zone in 
between (i.e., lens nuclei, lens cortex, lens sutures). The anterior chamber is normally invisible, but abnormal presence of red blood cells, white cells or pro- 
tein (i.e., aqueous flare or Tyndall effect) can also be seen using this method. However, nontransparent structures such as the iris yield only a magnified, 
two-dimensional view. The slit beam is then narrowed and intensified to reveal a two-dimensional cross-section (called “optic section”) of the cornea and 
lens (C & D), thereby allowing the examiner to accurately determine lesion depth and axial positioning. The thinner the slit-beam, the better the definition 


and the depth localization of the lesions. B: corneal edema in a dog, D: superficial corneal edema and deep corneal stromal abscess in a horse. 


Direct retroillumination is performed by placing the objectives 
in the path of the reflected light, which causes opaque lesions 
to appear dark against a light background and transparent 
lesions to appear clear within a dark halo. Indirect retroillumi- 
nation allows improved detection of transparent lesions by tak- 
ing advantage of differences between their refractive indices 
and those of the surrounding tissues. Lesions are observed 
against a darker background because the reflected light is 
directed away from the objectives. 

Using the direct and retroillumination methods, three basic 
types of lesions can be defined (Fig. 9.1.9): obstructive lesions 
(i.e., block the light) such as pigment, blood clot, dense scar, 
dense cataract, and tissues masses; translucent lesions (i.e., 
some light may pass through the lesion but is scattered) such as 
corneal edema, keratic precipitates, fibrin, mild cataract, and 
thin scars; and refractile lesions (1.e., light passes freely through 
the lesion but is refracted) such as the lens equator, lens 
vacuoles, lens wrinkles, distorted tear film, and corneal bullae.®? 


Specular reflections are seen in cases of an imperfect 
reflective surface (Fig. 9.1.7). For example, a perfect mirror 
does not generate specular reflections because it does not scat- 
ter the light, whereas an imperfect mirror does scatter the 
light. With direct focal illumination using a narrow slit-beam 
width directed at the limbus, a bright reflection (1.e., specular 
reflex) results from the curved internal and external surfaces 
of the cornea. This reflex can be used to evaluate the continu- 
ity of the PTF and the corneal endothelium, with defects 
appearing as breaks in the linear reflex.° Polarized light has 
even been used to evaluate the precorneal tear film (PTF) in 
dogs and cats.” Because even slight ocular movements 
make this technique difficult or even impossible, sedation or 
general anesthesia is often employed. 

Slitlamp biomicroscopy is also useful for assessment of 
corneal thickness (1.e., pachymetry), anterior chamber depth, 
and aqueous flare. With direct and indirect goniolenses, the slit- 
lamp biomicroscope allows for a magnified and stereoscopic 
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Figure 9.1.9. Types of lesions observed with the slitlamp biomicroscope. Using the direct and retroillumination methods, three basic types of lesions can 
be defined: obstructive lesions (A) (i.e., block the light) such as pigment, blood clot, dense scar, dense cataract, and tissues masses (B: ciliary body tumor); 
translucent lesions (C) (i.e., some light may pass through the lesion but is scattered) such as corneal edema, keratic precipitates, fibrin, mild cataract, thin 
scars, and cysts (D: ciliary body cysts), and refractile lesions (E) (i.e., light passes freely through the lesion but is refracted) such as the lens equator, lens 


vacuoles (F), lens wrinkles, distorted tear film, and corneal bullae. 


view of the iridocorneal angle and ciliary cleft. Special 
contact and noncontact lenses are also available for use with the 
slitlamp biomicroscope, thus allowing visualization of the vitre- 
ous chamber, ciliary body, and fundus. Examples of such lenses 
are the Goldmann 3, Hruby, and Rosen lenses.™ 


Direct Ophthalmoscopy 


In 1704, Méry described direct visualization of the feline ocu- 
lar fundus when the eye was immersed in water. De la Hire 
later explained this phenomenon, stating that the water neu- 
tralized the reflective and refractive effects of the corneal cur- 
vature. In 1846, William Cumming reported his findings of the 
fundus reflex in humans. Charles Babbage subsequently 
developed the first ophthalmoscope, using a mirror with a hole 
in its center. This crude device reflected light at the eye, with 
the central hole allowing visualization of the fundus by the 
examiner, In 1854, Thomas Wharton Jones publicized Bab- 
bage’s device, and Von Helmholtz reported his ophthalmo- 
scope several years later.’ Constructed of pasteboard, cover 
glasses, and a lens, this device permitted visualization of an 
image of the patient’s ocular fundus. Reynat is credited as 
being the first to use direct ophthalmoscopy for veterinary 
ophthalmology in 1858.76 Van Biervliet and van Rooy in Bel- 
gium and Guerineau in France subsequently reported equine 
ocular abnormalities observed by direct ophthalmoscopy in 
1861. Three decades later, in 1892, Bayer of Vienna published 
the first atlas of comparative ophthalmoscopy. 
Ophthalmoscopy is a difficult but very important procedure 
for the clinician to master. With diligence and practice, prac- 
tice, practice, this technique can be mastered and will give the 
veterinarian yet another tool with which to examine and inves- 
tigate the patient and its problems. Direct ophthalmoscopy is 
the classic form of ophthalmoscopy with which most clini- 
cians are familiar since it is commonly available in a set with 


Table 9.1.2 Optical Changes of Direct Ophthalmoscopy in Animals 
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an otoscope. The direct ophthalmoscope consists of a power 
source and a halogen coaxial optical system. Light is directed 
via a mirror or prism into the patient’s eye and then reflected 
back through a lens in the ophthalmoscope to the examiner.> 
Direct ophthalmoscopes take advantage of the refractive 
power of the patient’s cornea and lens. Therefore, refractive 
errors in both the patient and examiner affect the ability to 
focus on the ocular fundus. Refractive errors of most animals 
appear to be reasonably static with the exceptions of the non- 
human primate and the cat, in which some accommodation 
may occur. Most ocular fundi are in focus at 0 to -2 D if the 
examiner is emmetropic.° The resultant image is real, erect, 
and magnified several times above normal depending on the 
species being evaluated (Table 9.1.2). The size of the eye 
being examined, thus the working distance from the examiner 
to the lesion of interest, will affect magnification, so it is 
important to compare any lesions with the size or diameter of 
the optic disc rather than with any units of measurement. 

In order for the clinician to perform direct ophthalmoscopy, 
animals must be either reasonably cooperative or adequately 
restrained. Most small animals can be restrained on the exami- 
nation table by an assistant; some fractious animals or large 
animals require some measure of sedation and/or an auricu- 
lopalpebral nerve block to facilitate the examination. Before 
examination, the pupils are usually dilated with a short-acting 
mydriatic such as 0.5% to 1% tropicamide (or 1% atropine in 
the rat).°%°° Eyes with dark-colored irides require the stronger 
concentration of the mydriatic agent than eyes with lighter col- 
ored irides and frequently take longer to dilate. The fundi of 
large animals such as the horse can be visualized without dila- 
tion, but mydriasis will ensure a thorough examination. Fol- 
lowing adequate mydriasis, the examiner places the direct 
ophthalmoscope snugly against his or her brow and identifies 
the patient’s fundic reflex from a distance of approximately 0.5 


Species Fundus Magnification 
Dog WR 
Cat 19.5 
Horse 7.9 
Cow 10.6 
Sheep 13.9 
Pig 15.2 
Rabbit 25.3 
Rat 77.2 
Iguana 38.8 
Great Horned Owl 9.6 
Pigeon 31.6 
Monkey 20.7 
Human 14.7 


mm Equivalent per/ Diopter Change 


0.28 
0.22 
1.33 
0.74 
0.43 
0.36 
0.13 
0.01 
0.06 
0.9 

0.08 
0.19 
0.39 


Modified from Murphy CJ, Howland HC. The optics of comparative ophthalmoscopy. Vis Res 1987; 27: 599-607. 
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Figure 9.1.10. For direct ophthalmoscopy performed in a dog, the 
examiner uses the right eye to examine the patient’s right eye and the left 
eye to examine the patient's left eye. The examiner must be quite close to 
the patient to have the optimal view of the fundus. 


Figure 9.1.11. Use of a panoptic ophthalmoscope in a dog. This instru- 
ment is a good compromise between the direct and indirect methods of 
ophthalmoscopy. The image obtained is real (neither inverted or reversed) 
and intermediate in magnification between the two. 


to 0.75 m (Figs. 9.1.10 and 9.1.11). Ideally, the examiner’s 
right eye should be used to examine the patient’s right eye, and 
vice versa. This is especially important in patients with frontal 
eyes and long noses because this position minimizes contact 
between the examiner’s nose and the patient’s muzzle. Alter- 
nating eyes takes practice sometimes because most people 
have a dominant eye that they prefer to use. Once the fundic 
reflex is identified, the examiner moves toward the patient to a 
point approximately 2 to 3 cm from the eye. If the direct oph- 
thalmoscope is positioned too far from the cornea, the entire 
fundus cannot be visualized, and even the slightest movements 
will cause most of the fundic image to be lost. The constant 
head and eye movements of our veterinary patients will fre- 
quently cause the examiner to lose the image. If this happens, 
the quickest way to regain alignment is to back up, find the 
tapetal reflection once more, and then move close again. Once 
the fundus is visualized, ophthalmoscopy should proceed in a 


timely and orderly fashion. If the examiner has an establisheg 
order or pattern to his or her examination, fewer lesions wil] be 
missed and it will be easier to properly describe and localize 
any lesions or areas of interest. The optic nerve is typically 
identified and examined first. Afterward, the remainder of the 
fundus is thoroughly examined in quadrants, making sure that 
the tapetal regions of the fundus, the nontapetal regions of the 
fundus, the fundic periphery, and the retinal vasculature are 
closely examined. 

A circular dial on the direct ophthalmoscope holds a series 
of concave and convex lenses that can be rotated through the 
viewing aperture.” Green or black numbers on the circular 
dial represent convex or converging lenses, while red numbers 
represent concave or diverging lenses. A separate dial or 
switch adjusts the size, shape, and color of the light beam. 
Options include large and small spots, slit, graticule, red-free 
filter (which appears green), and blue filter. The red-free light 
is used to evaluate retinal vessels and the nerve fiber layer. It is 
also useful for differentiating hemorrhage, which appears 
black, from normal pigment and pigmented lesions such as 
melanomas, which appear brown. The graticule consists of a 
grid (often of 16 squares) used to estimate the size of fundic 
lesions. This is most useful for ophthalmologists who deal 
with human eyes, which are of very similar size. The slit beam 
aids in detection of elevations or depressions in the ocular fun- 
dus. The blue filter can be used to examine the nerve fiber 
layer of the retina and to augment the external examination of 
fluorescein dye uptake in any corneal defects. Distances 
between the normal retina and the surface of such abnormali- 
ties can be estimated by changing the dioptric power of the 
ophthalmoscope. For example, if the retina is in focus at 0 D, 
and the surface of a lesion is in focus at +3 D (green or black), 
the lesion is elevated. If the surface of the lesion is in focus at 
-3 D (red), however, it is depressed. The size of the circular 
spot of white light should be adjusted to the patient’s pupil 
size to minimize light reflections from the corneal surface. 
The intensity of the illuminating light is controlled by a rheo- 
stat and is generally adjusted for the comfort of both the 
patient and examiner. If for some reason the pupil is not 
dilated, it is best to have the illuminating light dim to mini- 
mize the pupillary constriction that will result when the light 
is directed on the eye. It is also important to perform the 
fundic examination in a dim room to optimize the conditions 
for a thorough and complete examination. 

The direct ophthalmoscope can also be used to pick up any 
central opacities in the clear media anterior to the fundus by 
retroillumination. Once the fundic reflex is identified by the 
examiner looking through the ophthalmoscope at a distance, a 
dark spot detected against the fundus reflection indicates that 
an opacity is blocking the return of light to the observer. The 
depth of this opacity, whether in the cornea, anterior chamber, 
lens, or vitreous, cannot be determined, but the examiner will 
be alerted to its presence and will know to go back and more 
closely examine and localize the lesion. There are ways, how- 
ever, of localizing a lesion with the direct ophthalmoscope. By 
using the diopter settings on the ophthalmoscope as previously 


described, the clinician can determine whether a lesion is 
raised or depressed relative to the rest of the fundus. Also, 
examination of a lesion’s shape or morphology, as in the shape 
of a fluid lesion or hemorrhage in the back of the eye, can be 
helpful in determining a lesion’s position. Fluid lesions must 
conform to the anatomy and shape of normal structures pres- 
ent. Intraretinal hemorrhages tend to be small and round 
because of confinement by axon, dendrites, and Müller cell 
processes occupying the area. Hemorrhages in the nerve fiber 
layer of the retina tend to form flame-shaped shapes with flat 
and feathered borders because the blood has oozed between the 
fibers. Preretinal hemorrhages within a formed vitreous 
are usually large and red and tend to form flat tops due to the 
effects of gravity causing the red blood cells to settle out. If the 
vitreous is liquefied and a preretinal hemorrhage is present, 
the blood will diffuse within the liquid vitreous. Lesions may 
also be localized by comparing them to the position of a known 
structure such as a blood vessel or the tapetum. Another 
method of determining a lesion’s location is to take advantage 
of the phenomenon of parallax in which a structure of interest 
is looked at against the background from two different obser- 
vation points and determining if the structure moves in relation 
to the background.° This determines whether the two points are 
separated or apposed and whether they are located on or in 
front of the retina. This method is particularly useful when 
examining inferior retinal detachments.° 

The advantages of direct over indirect ophthalmoscopy 
include greater magnification, availability of options such as 
the slit and grid, and ability to alter the dioptric power of 
the ophthalmoscope. Disadvantages include a small field of 
view that can result in lesions being missed, short working 
distance between examiner and patient, lack of stereopsis, 
difficulty in examining the peripheral fundus, and greater dis- 
tortion when the visual axis is not completely transparent 
(Fig. 9.1.14). 


“Indirect Ophthalmoscopy 


Ruete first conceived of the indirect ophthalmoscope in 
1853. Despite several advantages over direct ophthal- 
moscopy, however, it did not gain wide acceptance in the 
United States until 1947, when Schepens and Bahn*! devel- 
oped a high-intensity light that improved visualization of the 
fundus. In 1960, Rubin® published the first study describing 
use of indirect ophthalmoscopy in dogs. In 1966, Vierheller®? 
published his clinical experiences with the device. Indirect 
ophthalmoscopy has since become a routine part of the veteri- 
nary ophthalmic examination. 

Indirect ophthalmoscopy, in contrast to direct ophthal- 
moscopy, allows the clinician to view a larger portion of the 
fundus (larger field of view) at one time and to do so from a 
larger and safer working distance from the patient (Figs. 
9.1.12 and 9,1.13). The image generated with indirect oph- 
thalmoscopy may be a bit confusing to the novice examiner 
because it is inverted and reversed (upside down and back- 
wards), but once the technique is mastered, it is an indispensa- 
ble tool for a thorough evaluation (Fig. 9.1.14).™* Since there 
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is much less magnification of the image perceived with 
indirect ophthalmoscopy than with direct ophthalmoscopy, a 
better overview of the fundus can be achieved (Fig. 9.1.14; 
Table 9.1.3). The two methods often complement each other 
nicely, particularly if a lesion is detected with the indirect 
method and then examined more closely, at greater magnifica- 
tion, with the direct method. The necessary components of 
indirect ophthalmoscopy are a strong, focal light source and a 
converging lens. 

Indirect ophthalmoscopy has additional advantages over 
direct ophthalmoscopy when a binocular indirect ophthalmo- 
scope is utilized, including stereopsis and the ability to use 
both hands for patient manipulation. Binocular indirect oph- 
thalmoscopy uses a light source, a mirror to direct light into 
the patient’s eye, a handheld converging lens to magnify the 


Figure 9.1.12. In bilateral indirect ophthalmoscopy in a dog, this method 
of fundoscopy allows the examiner to look at the fundus from a distance 
and benefit from the advantage of stereopsis, or depth perception. The 
view of the fundus will be inverted and reversed, but it gives a good 
overview or survey view of the back of the eye. 


Figure 9.1.13. Monocular indirect ophthalmoscopy with a transillumina- 
tor in a horse. This method gives a similar view to that obtained with the 
indirect headset but without the stereopsis. 
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Figure 9.1.14. Comparison of direct, panoptic, and indirect ophthalmoscopy. These photos illustrate the different appearances in terms of magnification 
and orientation of the canine and equine fundus with each of the three methods of ophthalmoscopy: direct (A & D), panoptic (B & E), and indirect (C & F) 


ophthalmoscopy. 


reflected image, and two prisms to split the reflected light so 
that it can be directed into both of the examiner’s eyes, thereby 
permitting stereopsis (Fig. 9.1.12). The ophthalmoscope and 
light source are fitted onto a headband or spectacle frames that 
can be adjusted to comfortably fit the examiner. Eyepieces are 
adjusted to match the distance between the examiner’s eyes. 
Light sources use either AC or DC power, and light intensity is 
altered with a rheostat. Most binocular indirect ophthalmo- 
scopes have interchangeable apertures and filters as well as 
permanent or detachable teaching mirrors. The headset pro- 
vides the light necessary for the examination, frees the opera- 
tor’s hands to hold the lens and position the patient’s head 
(frequently without the aid of an assistant), and optically nar- 
rows the examiner’s interpupillary distance to permit a binoc- 
ular view and stereopsis. If a binocular headset is unavailable 
or cost-prohibitive for the clinician, indirect ophthalmoscopy 
can be performed quite ably and adequately without it. 
Monocular indirect ophthalmoscopy employs only a bright, 
handheld light source (e.g., transilluminator, direct ophthalmo- 
scope or strong otoscope, fiberoptic bundle, penlight) and a 


handheld lens (Fig. 9.1.13). This method does not allow for 
stereopsis and requires an assistant to restrain the patient and 
position the head, but it gives a wonderful overall picture of the 
fundus. 

To perform the fundic examination following mydriasis, 
the examiner grasps the patient’s muzzle with one hand and 
stabilizes the head. The other hand is used to hold the eyelids 
open and to position the lens from 2 to 4 cm in front of the 
patient’s cornea. When a binocular headset is not available, an 
assistant positions the head and holds the eyelids open while 
the examiner uses one hand to hold the light source against his 
or her temple so that both the head and the light source move 
as a unit and the other hand to hold and position the lens. If a 
direct ophthalmoscope is used as the light source for indirect 
ophthalmoscopy, the dioptric power should be adjusted to +4 
or +6.° The lens is held with the thumb and forefinger and 
positioned so that the strongest convex surface is facing the 
examiner (or flatter surface toward patient) for the best image. 
From a distance of approximately 0.50 to 0.75 m, the exam- 
iner then directs the light into the patient’s eye and identifies 


Table 9.1.3 Lateral and Axial Magnification in Indirect Ophthalmoscopy 
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Lateral Magnification 


Axial Magnification 


Species 14-D Lens 20-D Lens 30-DLens 40-D Lens 14-D Lens 20-D Lens 30-D Lens 40-D Lens 
Dog 2.57 1.72 1.11 0.82 8.85 3.97 1.65 0.9 
Cat 2.91 1.95 1.26 0.93 11.31 5.08 2.11 AS 
Horse 1.18 0.79 0.51 0.38 1.86 0.84 0.35 0.19 
Cow 1.58 1.06 0.68 0.5 3.34 1.5 0.62 0.34 
Sheep 2.07 1.39 0.9 0.66 5.74 2.58 1.07 0.58 
Great-horned owl 1.43 0.96 0.62 0.46 2.75 1.23 0.51 0.28 
Tawny owl 2.16 1.45 0.94 0.69 6.26 2.81 ial 0.64 
Pigeon 4.72 3.16 2.04 1.51 29.84 13.4 5.58 3.04 
Pig 2.26 1252 0.98 0.72 6.83 3.07 1.28 0.7 
Human 2.19 1.47 0.95 0.7 6.39 2.87 1.19 0.65 
Monkey 3.09 2.07 1.34 0.99 12.79 5.74 2.39 he) 
Rabbit STN 2158 1.63 0.2 18.99 8.53 3155 1.93 
Gecko 4.19 2.81 1.81 1.34 23.48 10.54 4.39 2.39 
Iguana 5.79 3.88 25 1.85 44.71 20.07 8.35 4.55 
Flying fox 5.38 3.6 2.32 lee: 38.62 17.34 7.22 3.93 
Opossum 7.3 4.89 3.16 233 71.24 31.98 13.31 7.25 
Frog 9.15 6.13 3.95 2.92 111.9 50.24 20.91 11.39 
Rat iiles2 7.72 4.98 3.68 177.44 79.65 33.15 18.06 
Bat 36.23 24.27 15.66 11.56 1753.33 787.07 327.6 178 


Modified from Murphy CJ, Howland HC. Optics of comparative ophthalmoscopy. Transactions of the Annual Scientific Program of the College 


of Veterinary Ophthalmologists, 1985; 16: 132-157. 


the fundic reflex. The light should be adjusted so that its 
intensity permits adequate, but not excessive, illumination of 
the ocular fundus. Excessively bright light can obscure details 
and cause patient discomfort and thus lack of cooperation. 
Anesthetized patients that cannot move may develop retinal 
burns when the light utilized for the examination is too strong. 
In animals that have a tapetum, the light should be decreased 
for examination of that region and may need to be increased 
for examination of the nontapetal fundus.® Reflections from 
the surface of the handheld lens occasionally obscure part of 
the fundic image, but this can be easily corrected by slightly 
tilting the lens. 

Once the fundic reflex is identified, opacities of the cornea, 
lens, and vitreous can be seen in front of the reflection. Opaci- 
ties anterior to the posterior lens nucleus in the dog and cat, 
and opacities anterior to the posterior lens capsule in the 
horse, will move in the same direction as the eye rotates. 
Opacities posterior to these landmarks will move in the direc- 
tion opposite that of the eye rotation. Opacities in the anterior 
chamber or vitreous may oscillate or float with eye movement. 
Lesions anterior to the retina or optic nerve (e.g., persistent 
hyaloid artery) will change position with respect to their back- 
ground when viewed from a different angle, an example of the 
parallax phenomenon. Slight manipulations of the handheld 
lens itself can reveal subtle hyperreflectivity or streaking in 
the tapetal fundus. Examination of the fundus with indirect 
ophthalmoscopy should proceed in an orderly fashion, as in 


direct ophthalmoscopy, taking care to examine the optic 
nerve, the retinal vasculature, and the tapetal and nontapetal 
fundus, even the periphery. The extreme peripheral retina at 
the ora ciliaris can be visualized with practice and good 
mydriasis, especially ventrally and temporally. 

There are many different lenses available for use with indi- 
rect ophthalmoscopy, ranging in diopter strength from +5.5 to 
+90 D. The choice of a lens will vary depending on the 
amount of magnification and size of the field of view desired, 
the amount of stereopsis desired, and the size of the patient’s 
pupil. Fundic magnification varies with lens and species. 
The magnification of the image is equal to the diopter strength 
of the eye divided by the diopter strength of the lens,°*° so the 
smaller the diopter rating of the lens, the greater the magnifi- 
cation of the image (smaller number, bigger image). It is 
important to take into account that additional magnification is 
built into the binocular headset, so that the image perceived 
with its use will be even more magnified than that with the 
lens alone. The strength of the lens also affects the depth per- 
ception of the examiner. The higher the diopter strength of the 
lens, the less stereopsis there will be (larger number, less 
stereopsis).° Also, it is important to consider the size of the 
animal’s pupil when selecting a lens. The higher the diopter 
strength of the lens, the easier it will be for the examiner to see 
through a small pupil (smaller pupil, higher number).® In 
general, the higher the diopter strength of the lens, the smaller 
the image will be, but the larger the field of view, the smaller 
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the pupil through which an examination can be performed, 
and the less the stereopsis.°*°° The +20 D lens is the most ver- 
satile, providing a fundus view of approximately 40 degrees, 
and probably the best choice and compromise for the clinician 
who wishes to purchase only one lens. However, a PanReti- 
nal 2.2 lens is also available that provides a nice, accurate 
view of the fundus in its natural concave position. 

Various models of binocular indirect ophthalmoscopes are 
available from Heine, Keeler, Propper, Topcon, Xonix, and 
Zeiss. Camera and video attachments are available for some 
models, thus allowing the examiner to display and record find- 
ings for teaching and research purposes. Commercial monoc- 
ular indirect ophthalmoscopes are manufactured by Reichert 
and the American Optical Corporation.” These instruments 
use an internal lens to magnify the reflected fundic image. The 
American Optical monocular scope is useful for looking 
through small pupils and produces an erect image. 

Indirect ophthalmoscopy can also be used to semiqualify 
the refractive error of an animal. By slowly withdrawing the 
handheld lens from the eye and observing any change in mag- 
nification of the image, the clinician can roughly estimate the 
refractive power of the patient. If the fundic image becomes 
larger, then the animal is somewhat myopic; if it becomes 
smaller, then the patient is hyperopic; and if the size of the 
image remains static, then the animal is emmetropic.** Indi- 
rect ophthalmoscopy is a useful technique, and its main disad- 
vantage is the cost of the head-mounted binocular equipment. 


Retinoscopy 


Retinoscopy, also known as skiascopy, is the objective deter- 
mination of the dioptric state or refractive error of the eye. 
Commonly used in human ophthalmology and optometry, this 
technique has also found use in veterinary ophthalmology, 
particularly to define the normal, pathologic, and surgically 
induced refractive state of the eyes and in the evaluation and 
improvement of intraocular lens implants.8”-° 

When light rays are projected onto an eye from infinity, 
they emerge from an emmetropic eye as parallel rays, from a 
myopic eye as converging rays, and from a hyperopic eye as 
diverging rays. The location at which these emergent light 
rays form a focal point or plane is called the far point. The far 
point is at infinity, in front of infinity, and beyond infinity for 
the emmetropic, myopic, and hyperopic eye, respectively. The 
procedure of retinoscopy utilizes a lens placed in front of the 
eye to modify the image produced (Fig. 9.1.15). The power of 
the lens that corrects the image, or neutralizes the movement 
of the fundic reflex, permits an estimation of the dioptric 
power of the patient’s eye and its difference from emmetropia. 
Retinoscopy allows veterinary ophthalmologists to determine 
quantitatively the refractive error of the eye to within 0.25 to 
0.50 D of its true refractive state. 

The retinoscope, either streak or spot, consists of a tung- 
sten bulb filament, a condensing lens, a circular or linear aper- 
ture, and an angulated, plane mirror. Streak retinoscopes 
produce a linear band of light, whereas spot retinoscopes pro- 
duce a circular beam. Streak retinoscopes are more commonly 


Figure 9.1.15. Retinoscopy performed in a horse. Retinoscopy allows 
the examiner to determine the refractive power of the patient's eye com- 
pared to emmeiropia. 


employed in veterinary ophthalmology. A sleeve in the handle 
of the streak retinoscope is moved up and down to change the 
orientation of the mirror and bulb, thus affecting the vergence 
of the emitted light. Rotating the sleeve clockwise or counter- 
clockwise affects the orientation of the streak itself. Both 
streak and spot retinoscopes are available from Copeland, 
Heine, Keeler, Propper, Reichert, and Welch Allyn.’ Plus or 
minus spherical lenses, which are available in increments of 
0.25 D, are placed between the retinoscope and the patient to 
quantitate the refractive error of the eye. A skiascopy bar or 
rack, which contains a series of plus and minus spherical 
lenses in increments of 0.5 to 1.0 D, is a simple, convenient, 
and inexpensive tool for quantifying the refractive error of an 
animal’s eye (Fig. 9.1.15). 

Mydriasis prior to retinoscopy is often unnecessary and 
can even make the procedure more difficult. And because of 
the limited accommodative ability of most domestic animals, 
the cycloplegia afforded by the mydriatic agents is not nec- 
essary.” With the retinoscope resting against the brow, the 
examiner is positioned 0.67 m (about arm’s length) from 
the patient’s eye (a measured 0.67-m string attached to the 
retinoscope is useful for maintaining this working distance) 
(Fig. 9.1.15). The sleeve is moved either down (i.e., Heine and 
Welch Allen retinoscopes) or up (i.e., Copeland retinoscope) 
such that the projected light rays are very slightly divergent 
(i.e., plane-mirror effect), and the streak is positioned verti- 
cally. Purkinje images from the patient’s cornea and lens are 
superimposed, and the streak is swept horizontally across the 
animal’s pupil. The streak is then rotated horizontally and is 
swept vertically across the pupil. Finally, a trial lens or skias- 
copy bar is placed 1 to 2 cm from the patient’s cornea, and the 
process is repeated (Fig. 9.1.15). As the streak is slowly swept 
across the pupil, the fundic reflex will move in either the same 
or the opposite direction, depending on the refractive error of 
the patient. With no refractive lens, the fundic reflex will move 
in the same direction as the sweep with emmetropic and 
hyperopic eyes (“with motion”) and in the opposite direction 
of the sweep with less than 1.5-D myopic eyes (“against 


‘ 


motion”). If a “with motion” is observed, plus lenses of 
increasing dioptric strength are placed in front of the patient’s 
eye until an “against motion” is observed or neutralization is 
reached. Neutralization is characterized by a fundic reflex that 
completely fills the pupil without any notable direction of 
movement. If an “against motion” is observed, minus lenses 
of increasing dioptric strength are used to achieve neutrality. 
At a working distance of 0.67 m, a +1.5-D lens is needed to 
achieve neutralization with an emmetropic eye; therefore, the 
refractive error of an eye is determined by subtracting 1.5 D 
from the gross refraction needed to achieve neutrality. 
Retinoscopy in the canine reveals that most phakic dogs are 
within 1.0 D of emmetropia.*”°!* Attempts to correlate refrac- 
tive error with animal size and environment have yielded vari- 
able results. Results of one study”? suggest that indoor dogs 
and small to medium breeds show a tendency toward myopia, 
whereas outdoor and large-breed dogs show a tendency toward 
_ hyperopia. Breed predispositions to refractive errors also 
occur, with slight myopia occurring in some populations of 
German Shepherds, Rottweilers, Miniature Schnauzers, and 
Labrador Retrievers.”!”? Retinoscopic results of aphakic 
canine eyes suggest the mean refractive errors range from 
+14.0 to +15.2 D and that a +41.5 D lens will usually correct 
this error to within 1.0 D of emmetropia.*”°°"? Refractive error 
in normal horses has been reported to range from -3 to +3 
D,°°*8 but most appear to be within 1 D of emmetropia.?? 100 
After cataract surgery, the aphakic equine eye has been 
reported to be hyperopic at +9.94 D.!°! Currently, intraocular 
lens implants are not commonly employed in horses after 
cataract surgery, and in one case in which a 25 D lens was 
implanted, the correction achieved was to only +8 D.!°! 
Applications for retinoscopy are presently limited in vet- 
erinary ophthalmology, and considerable practice is necessary 
to produce consistent results with retinoscopy in animals. For 
that reason, model eyes are available for teaching and practice 
purposes.' With increased use, retinoscopy may continue to 
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improve our selection of intraocular lens implants for patients 
undergoing cataract surgery and assist with evaluating perfor- 
mance problems in working animals. 


Corneoconjunctival Culture 


Culture and sensitivity testing provide useful information for 
the diagnosis and determination of appropriate antimicrobial 
therapy in many corneal and conjunctival diseases. They 
should be obtained very carefully from any deep and pro- 
gressive corneal ulcers, particularly melting ulcers.®50-103-108 
Cultures may also be taken from purulent or granulomatous 
conjunctival lesions or from animals with chronic conjunctivi- 
tis that does not respond to therapy. Additionally, myco- 
plasmal or chlamydial cultures (or both) may be desirable in 
certain species with conjunctivitis, including the cat, cow, 
sheep, goat, and pig. 

Both corneal and conjunctival cultures should be obtained 
early in the ophthalmic examination, before administration of 
topical solutions or ointments (Fig. 9.1.16). Most topical 
ophthalmic preparations contain preservatives that may 
impair culture results, and some topical drugs (e.g., propara- 
caine, tetracaine, benoxinate) inhibit bacterial growth experi- 
mentally.°>! One study, however, demonstrated that a single 
application of topical anesthetic is unlikely to inhibit culture 
results.!!° To obtain a culture, the eyelids are gently retracted, 
and a sterile moistened swab is passed back and forth on the 
area of the cornea or the conjunctiva to be cultured. Care 
should be taken not to contaminate the sample by inadver- 
tently touching the eyelid margins, hair, skin, and other nearby 
structures (Fig. 9.1.16). The swab is then placed in transport 
broth for shipping or is inoculated either directly onto or into 
the appropriate culture medium and incubated for isolation 
and organisms identification?! 

In many animals with external ocular diseases, treatment 
may be initiated before results of the microbial culture and sus- 
ceptibility testing are known. Therefore, it seems desirable to 


(a) 


(b) 


Figure 9.1.16. Corneoconjunctival culture. A. One type of culture medium. B. Corneoconjunctival culture in a horse. Both corneal and conjunctival cul- 
tures should be obtained early in the ophthalmic examination, before administration of topical solutions or ointments. To obtain a culture, the eyelids are 
gently retracted, and a sterile moistened swab is passed back and forth on the area of the cornea or the conjunctiva to be cultured. Care should be taken not 
to contaminate the sample by inadvertently touching the eyelid margins, hair, skin, and other nearby structures. The swab is then placed in transport broth 
for shipping or is inoculated either directly onto or into the appropriate culture medium and incubated for isolation and organisms identification. 
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know the most commonly isolated pathogenic microorganisms 
when choosing a therapeutic antimicrobial agent and also the 
typical flora of the eye in various species.!!? Comparison of 
normal eyes and eyes with clinical signs of external ocular dis- 
eases indicate that prevalence rates of microorganisms’ species 
varied according to season, geographic location, climate, 
breed, and sampling technique.!!!-!!> 

Positive bacterial cultures were recovered from 70% to 94% 
of normal canine eyes and 35% to 54% of normal feline 
eyes.!!2161!7 Low frequency of normal ocular bacteria in cats 
may reflect efficient natural host defense mechanisms of tears. 
Gram-positive organisms most commonly isolated in the normal 
flora of the canine and feline eye are Staphylococcus spp., Strep- 
tococcus spp, Corynebacterium spp., Bacillus spp., 
Pseudomonas aeruginosa, Escherichia coli, Klebsiella, and 
Neissaria spp. Fusobacterium spp. are the only anaerobic bacte- 
ria that can be sometimes found in the normal canine eye, 
whereas no anaerobic bacteria are present in the healthy feline 
eye. 111112118 The pathogenic organisms (Staphylococcus aureus, 
Streptococcus -hemolyticus, Pseudomonas aeruginosa) 
involved in bacterial corneal disease are usually part of the ubiq- 
uitous and indigenous microflora of the corneal and conjunctival 
surface; the defense mechanisms of the cornea are not always 
effective enough to prevent the bacterial invasion from these 
organisms.!!8 Furthermore, opportunistic bacteria (Staphylococ- 
cus epidermidis, Escherichia coli, Corynebacterium spp., Kleb- 
siella, Bacillus spp.) that are either nonpathogenic or generically 
considered to be weakly pathogenic may cause disease in an 
immunocompromised host or present as a coinfection.'!! These 
opportunistic organisms may colonize tissue after gaining entry 
into an unusual anatomic site via trauma or other insult. Positive 
fungal cultures, including Penicillium sp. and Seratia sp., were 
recovered from 4% to 13% of normal canine eyes.!!*!!° 

In Florida, positive microbial cultures were recovered 
from the conjunctiva of 95% of normal equine eyes. Many 
bacterial and fungal organisms normally found in the equine 
conjunctival flora are potential ocular pathogens. The micro- 
bial population of the conjunctiva and cornea of the healthy 
equine eye comprises mainly nonpathogenic or potentially 
pathogenic Gram-positive organisms (Staphylococcus spp., 
Streptococcus spp., Corynebacterium spp., Bacillus spp.) 
along with a few number of Gram-negative bacteria 
(Pseudomonas aeruginosa, Escherichia coli, Klebsiella, 
Neissaria spp.), and varying numbers of filamentous fungi, 
(Aspergillus spp., Penicillium spp., Alternaria spp.) depend- 
ing on the geographic area.8!2103-107.111.115,120-122 The 
pathogenic organisms (Staphylococcus aureus, Streptococ- 
cus -hemolyticus, nutritionally variant Streptococci, 
Pseudomonas aeruginosa, Fusarium sp., Aspergillus spp.) 
involved in ulcerative keratitis in horses are usually part of 
the ubiquitous and indigenous microflora of the corneal and 
conjunctival surface; the defense mechanisms of the cornea 
are not always effective enough to prevent the bacterial inva- 
sion from these organisms, 4%:!04106.115,120,121,128-126 

The microbial population of the conjunctiva and cornea 
of the healthy bovine eye comprises mainly nonpathogenic 


or potentially pathogenic bacteria (Staphylococcus Spp., 
Streptococcus spp., Corynebacterium spp., Bacillus spp.) 
along with varying numbers of fungi depending on the 
geographic area. !? 

The inflammatory cells (e.g., polymorphonuclear neu- 
trophils [PMNs]), corneal cells (e.g. fibroblasts), and some 
bacteria and fungi are associated with the release of highly 
destructive proteinases that can result in rapid corneal stromal 
melting and perforation in many species. Streptococcus 
B hemolyticus and Pseudomonas aeruginosa are commonly 
found in cases of melting corneal ulcers, and a mixed bacterial 
and fungal infection can also be present.®:!06114:123,127,128 Tt ig 
also important to note that a melting ulcer can be sterile, espe- 
cially in foals.8!4 

Corneoconjunctival cytology may give immediate informa- 
tion about the causative organisms: the examination of Gram- 
stained slides allows detection of intracellular or extracellular 
organism, approximation of the quantity of organisms present, 
determination of the number of species of organism present, 
and identification of some of these organisms by their morpho- 
logical aspects (Gram-positive/Gram-negative, cocci/rods). 
However, corneoconjunctival cultures are more sensitive than 
cytology, and therefore culture speciation, and susceptibility 
testing is very often essential to successful management of 
bacterial corneal diseases.> (Additional information concern- 
ing clinical ophthalmic microbiology is found in Chapter 6.) 


Corneoconjunctival Cytology 


Cytology is used either alone or in combination with culture 
techniques to provide rapid results that may influence the 
immediate course of therapy.**!??'*? Conditions for which 
cytology is indicated include deep melting, or progressive, 
corneal ulcers; corneal or conjunctival abscesses; chronic or 
severe keratitis or conjunctivitis; keratitis or conjunctivitis 
that does not respond to therapy; and proliferative masses of 
the cornea, conjunctiva, and nictitating membrane." The ideal 
corneal and/or conjunctival sample provides a monolayer of 
cells, adequate number of cells, and unaltered cell structure. 
Additionally, the sample collection should produce minimal 
irritation to the animal undergoing evaluation.!** 

Instruments for collecting cytologic samples include cot- 
ton or Dacron swabs, cytobrushes, spatulas (Kimura plat- 
inum spatula), and even the blunt end of a scalpel blade. 
Impression cytology may also be used for sample collection 
(Fig. 9.1.17). Most of the collection techniques described 
hereafter require topical anesthesia (i.e., 0.5% tetracaine 
or 0.5% proparacaine), and care must be taken to avoid ocular 
trauma. 

The cotton or Dacron swab provides the least traumatic 
method of retrieving exfoliative samples; topical anesthetic 
may not even be required (Fig. 9.1.17).This technique is rec- 
ommended when excessive manipulation is contraindicated, 
such as with deep or extremely malacic corneal ulcers. 
Although this technique is minimally irritating, easily obtain- 
able, and inexpensive, it can produce inadequate samples 
because the cells appear to have affinity for the cotton fibers. 


sny 
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(b) 


(d) 


Figure 9.1.17. For corneoconjunctival cytology, scrapings are obtained using the Kimura platinum spatula (A), a Dacron swab (B), the blunt end of a 
beaver blade (C), or cytobrushes (D). Many collection techniques require topical anesthesia, and care must be taken to avoid ocular trauma. Spatulas 
(Kimura spatula, beaver blades, and chemistry measuring spatulas) provide a more precise method of collecting cells from specific areas, and greater num- 
bers of deeper cells can be obtained. This technique remains the standard technique in diagnostic veterinary ophthalmology. Unfortunately, this method may 
lead to greater damage among harvested cells, and care must be taken to avoid ocular trauma. The blunt end of a scalpel blade functions similarly to the 
spatula but with a slightly greater incidence of trauma. This method of cell collection requires topical anesthesia. The cotton or Dacron swab provides the 
least traumatic method of retrieving exfoliative samples; topical anesthetic may not even be required. The cytobrush provides superior diagnostic samples 
compared with other methods of cell collection. Care must be taken to gently roll the cytobrush both when collecting samples and when transferring those 
samples to a glass slide. As with the spatula, this technique requires topical anesthesia and should be used with caution in compromised corneas. The 
advantages of this technique over the scraping include an increase in sample cellularity. 


The more tightly the cotton wool is attached to the shaft, the 
better the quality of the smear.'*4 Samples should be gently 
rolled onto glass slides to avoid cell damage. 

Spatulas (Kimura spatula, beaver blades, and chemistry 
measuring spatulas) provide a more precise method of col- 
lecting cells from specific areas, and greater numbers of 
deeper cells can be obtained. This technique remains the stan- 
dard in diagnostic veterinary ophthalmology (Fig. 9.1.17). 
Unfortunately, this method may lead to greater damage 
among harvested cells, and care must be taken to avoid ocular 
trauma. It may also be difficult to evaluate cellular morpho- 
logic details because of overlapping of cells and crushing arti- 
fact.!3 The blunt end of a scalpel blade functions similarly to 
the spatula but with a slightly greater incidence of trauma. 
This method of cell collection requires topical anesthesia 
(i.e., 0.5% tetracaine or 0.5% proparacaine). 

The cytobrush provides superior diagnostic samples com- 
pared with the previously discussed methods of cell collec- 
tion (Fig. 9.1.17).1%134 This nylon-bristled brush is an 8-cm 
long plastic instrument with a tapered tip containing a nest of 
3- to 4-mm long, nonabsorbent, soft nylon bristles at its distal 
end. Care must be taken to gently roll the cytobrush both 


when collecting samples and when transferring those samples 
to glass slides. One disadvantage of the cytobrush is its size, 
which makes collecting samples difficult from small puppies, 
kittens, and birds. This can be overcome by trimming part of 
its bristles. As with the spatula, this technique requires topical 
anesthesia and should be used with caution in compromised 
corneas. The advantages of this technique over the scraping 
include an increase in sample cellularity, acquisition of cells 
from deeper layers with less intervention, and the improved 
morphologic appearance of each cell due to a decrease in the 
cell overlap.!3 

Impression cytology with cellulose acetate strips or the 
Biopore membrane device can be used and provides a good 
cell number; however, cellular clumping is common and 
application of this technique may not be practical for the 
clinician, 13135 

Subsequent to collection, slides can be fixed with heat, 
acetone, special cytologic fixative sprays, or some combina- 
tion thereof. If possible, several slides containing adequate 
sample volume should be prepared to permit the use of differ- 
ent stains if indicated. Staining methods most commonly 
used include the Gram stain and various Romanowsky-type 
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stains (e.g., Dif-Quick, Wright-Giemsa).'**'*° These stains 
are generally adequate for revealing morphologic characteris- 
tics of cells (inflammatory cells and neoplastic cells), organ- 
isms (bacteria, fungal hyphae, yeast bodies, viral, 
mycoplasmal, or chlamydial inclusion bodies) and other 
structures. Giemsa and Gram stains make the best combina- 
tion for examination of cell detail, possible inclusions, and 
bacterial or mycotic elements.'*? More specialized stains for 
fungal elements include periodic acid-Schiff and Gomori’s 
methenamine-silver,!**!°7 which are usually available through 
laboratories that perform routine histopathology. 

The types of cells commonly encountered from a healthy 
conjunctiva are sheets of squamous and columnar conjunctival 
epithelial cells that may contain cytoplasmic melanin granules 
and goblets cells that have a large amount of mucus in the cyto- 
plasm and a nucleus at the periphery. Occasional bacteria may 
be present, and lymphocytes, PMNs, monocytes, and plasma 
cells are rarely seen. Mastocytes and polymorphonuclear 
eosinophils (PMEs) should not be seen in normal conjunc- 
tiva,!30:132,136,138-141 

The types of cells commonly encountered from a healthy 
cornea are noncornified corneal epithelial cells (squamous 
and intermediate), lymphocytes, and PMNs. Mastocytes and 
eosinophils are absent in the healthy cornea. Nuclei, keratin 
debris, mucus and bacteria are also observed. In the presence 
of bacterial corneal disease, PMNs are the predominant cells 
observed, and bacteria are seen as well.!!3,!6.138-141 

Results of culture are often more sensitive than cytology, 
but examination of Gram-stained slides may give immediate 
information about the causative organisms, thus allowing 
prompt, focused therapy. With the proper equipment and prac- 
tice, exfoliative cytology is a very rewarding and useful tool 
for the practicing clinician. 


(a) 


Additional tests that can be conducted on corneal and 
conjunctival scrapings or swabs include the PCR and IFA. At 
present, feline herpesvirus type-1 (FHV-1) is the only organ- 
ism for which corneoconjunctival PCR is commonly per- 
formed. IFAs are available for FHV-1, chlamydia, and canine 
distemper. Samples for IFA should be collected before the 
application of fluorescein stain, which can yield false-positive 
results." 


Tear Tests 


Deficiencies in aqueous tear production (i.e., KCS or “dry 
eye”) have been recognized for several decades as a frequent 
cause of corneal and conjunctival lesions in both humans and 
animals. Several tests aid in the diagnosis of dry eye, the most 
common of which is the Schirmer tear test. 

First described by Schirmer in 1903,!* this test uses a 5 x 
25-mm strip of filter paper to measure aqueous tears from the 
ventrolateral conjunctival fornix. Modifications developed by 
Schirmer include the Schirmer II, in which the conjunctiva is 
anesthetized and the nasal mucosa is irritated, and the 
Schirmer II, in which the patient looks at the sun. In 1961, 
Halberg and Berens introduced a standardized test kit contain- 
ing 5 x 35 mm strips of Whatman no. 41 filter paper with a 
rounded tip notched at 5 mm for bending. Some commercial 
strips available now are impregnated with blue dye at the 
5 mm point that marks tear fluid migration and a millimeter 
scale beginning at the 2-mm point, thereby allowing a fast and 
easy reading of the results (Fig. 9.1.18).!*°!4 Also available is 
a modified test strip, which is less expensive and is not 
impregnated with dye; it is S-mm wide for the first 10 mm and 
approximately 7 mm wide beyond that. The reference values 
are different for this test strip.'4 


(b) 


Figure 9.1.18. Schirmer tear test (STT) in a dog (A) and a horse (B). This test is performed on most small animals with use of minimal restraint and 
should be performed prior to application of other ocular medications or stains. The standard test strip is a 5 x 35-mm no. 41 filter paper strip. Test strips are 
bent at the notch, preferably while the strip is still in its packing, to avoid absorption of oils from the examiner's skin. The folded end is inserted in the lower 
conjunctival fornix, in contact with the cornea, near the junction of the middle and temporal thirds of the eyelids, where it should remain for 1 minute. Tears 
are measured from the fold in millimeters per minute, immediately at removal. The values obtained in the second eye are apparently not affected by the 


stimulation of basal secretion in the first eye. 


Roberts and Erickson described use of the STT in the dog 
in 1962, and additional reports followed.'*°"'*? In 1975, Gelatt 
and colleagues!® described use of the canine Schirmer I and 
canine Schirmer II tear tests. In 1970, Veith and colleagues! 
established parameters for the STT in cats. The STT has been 
extensively used to evaluate the relative contributions of the 
lacrimal and nictitans glands and to determine the adverse 
effects of systemic and topical eye medications (atropine 
sulfate, tropicaine, trimethoprim-sulfadiazine) as well as gen- 
eral anesthesia on the tear production in the dog, cat, and 
horse.28:!50.152-157 

Despite criticism of its poor repeatability and inconstancy, 
the STT remains the standard means for quantifying the aque- 
ous tear production.'** This test is performed on most small ani- 
mals with use of minimal restraint and should be performed 
prior to application of other ocular medications or stains. The 
reference values listed in the following text were determined 
with the standard strip (5 x 35 mm no. 41 filter paper). Test 
strips are bent at the notch, preferably while the strip is still in its 
packing, to avoid absorption of oils from the examiner’s skin. 
The folded end is inserted in the lower conjunctival fornix, in 
contact with the cornea, near the junction of the middle and tem- 
poral thirds of the eyelids, where it should remain for | minute 
(Fig. 9.1.18).'°8 Tears are measured from the fold in millimeters 
per minute, immediately at removal. The values obtained in the 
second eye are apparently not affected by the stimulation of 
basal secretion in the first eye.'°° This test (STT I), performed 
without any topical anesthetic, measures the trigeminal—facial 
reflex tearing in addition to the basal secretion. Reported means 
for the normal canine STT I vary from 18.64 + 4.47 mm/min to 
23.90 + 5.12 mm/min. '49%4149-150,15710 The reported mean 
value for the feline Schirmer I tear test vary from 14.3 + 4.7 
mm/min to 16.92 + 5.73 mm/min. !5!-153-154.157 Normal STT val- 
ues in the rabbit are 5.30 + 2.96 mm/min.'*! In the dog, values 
less than 10 mm/min are suspicious if combined with clinical 
signs of KCS, and values less than 5 mm/min are considered to 
be diagnostic. Low STT values in the cat must be carefully 
interpreted in light of clinical signs, because clinically normal 
cats can have values as low as 5 mm/min. Equine tear produc- 
tion is often copious and may overwhelm commercial strips in 
less than a 1 minute period.!5®162-163 STT I values varying from 
20.6 + 6.5 mm/min to 24.8 + 4.8 mm/min’ '-! have been 
reported in conscious normal adult horses using a 5 x 35 mm 
tear test strip. Fluctuations in STT values on both daily and 
weekly bases have been reported in dogs but not in horses.'® No 
difference in the STT I values were found between the left and 
right eye of 100 healthy horses or between males and females.!™ 
Beech and colleagues'™ confirmed that gender, age, housing, 
and season had no effect and reported an STT II value of 20 + 5 
mm/min that was not significantly different from the STT I 
value. STT I values of less than 10 mm/min in the horse are 
diagnostic for a tear deficiency.!°? Finally, an STT I value of 
24.18 + 6.5 mm per 30 seconds has been reported in cows.!? 

A Schirmer II tear test (STT II) can be performed similarly 
except that the cornea and conjunctiva are topically 
anesthetized. The STT II estimates only basal tear secretion, 
eliminating any contribution from reflex tears. For the STT II, 
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the lower conjunctival fornix is gently dried with a cotton- 
tipped applicator 1 minute after the instillation of the topical 
anesthetic, and the test strip is inserted as previously 
described. Mean wetting in clinically normal canine eyes 
includes 3.8 + 2.7 mm/min, 11.66 + 6.1 mm/min, and 13.95 + 
4.40 mm/min. 150-156-160 Schirmer II results in clinically normal 
cats have been reported to be approximately 80% of the 
Schirmer I results. !*° 

The phenol red thread tear test has also been described as an 
accurate assessment of tear production in both humans and ani- 
mals.'*-'® Kurihashi first described use of a thread to measure 
tear production in 1975. In 1982, Hamano refined this method 
by impregnating the thread with phenol red, which is a pH-sen- 
sitive indicator. The thread is 75 mm in length, with a 3-mm 
indentation at one end. The folded end is placed in the lower 
conjunctival fornix for 15 seconds. As the slightly alkaline 
tears wick along the thread, a color change from pale yellow to 
orange occurs. Mean length of absorption for this test is 
34.15+/-4.45 and 23.04+/—2.23 mm per 15 seconds in the dog 
and the cat respectively, with no significant effect of topical 
anesthesia on the test.'*? The main advantage of this method is 
the rapid result. Further studies are necessary, however, to 
determine the efficacy of this test in the diagnosis of dry eye. 

Dissatisfaction with the STT, particularly in human oph- 
thalmology, has led some investigators to pursue alternative 
methods of assessing PTF. As a result, the tear film meniscus 
has become a focus of attention, and attempts have been made 
to correlate its height, width, cross-sectional area, and radius 
of curvature with both normal and dry-eye conditions. 66 Fur- 
ther research is needed, however, to establish parameters in 
domestic animals. 


External Ophthalmic Stains 


External ophthalmic stains facilitate the diagnosis of corneal, 
conjunctival, lacrimal, and nasolacrimal diseases.'”! Stains 
commonly used in veterinary ophthalmology include sodium 
fluorescein and rose Bengal dyes.'®-'”? Lissamine green has 
found limited use in human and veterinary ophthalmology, 
and Alcian blue, methylene blue, and Trypan blue have been 
used experimentally (Table 9.1.4).!75178 

Fluorescein dye is used to detect corneal and conjunctival 
defects, aqueous humor leakage with the Seidel test, and PTF 
deficiencies (mucin and lipid deficiencies) by the tear breakup 
time (TBUT), and to assess the nasolacrimal duct patency 
(Fig. 9.1.19). It has also been used in measurement of IOP 
with the Goldmann, Perkins, Draeger, and Halberg tonome- 
ters and in determining aqueous humor flow rates by fluo- 
rophotometry. 17-180 

Sodium fluorescein is a weak, dibasic acid of the xanthene 
group that is detectable in solution at concentrations as low as 
1 ppm. Its absorption spectrum peaks at 490 nm (i.e., blue light). 
Sodium fluorescein converts almost 100% of absorbed light to 
emitted fluorescent light with a peak wavelength of 520 nm (i.e., 
green light). Fluorescence is most intense at alkaline pH; at acid 
pH, sodium fluorescein appears yellow or orange. Fluorescein is 
available as a 0.5% to 2.0% alkaline solution or as an impreg- 
nated paper strip.8°0!.!11.181-182 In small animals, the paper strip 
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Table 9.1.4 External Ophthalmic Stains 


Rose Bengal Lissamine 


Characteristics Fluorescein 

Staining Stroma 

Intrinsic toxicity Limited 

Increased staining of dead cells Yes 

Staining blockable by tear component No 

Stromal diffusion Rapid 

Staining increased Disrupts cell-cell junctions 

Clinical use Corneal abrasions 

nasolacrimal patency 

a E 


Healthy and degenerated cells Degenerated cells 


Yes No 

Yes Yes 

Yes Yes 
Limited Unknown 
Insufficient protection of PTF 

KCS KCS 


is moistened with sterile 0.9% saline or ocular flush and touched 
to the dorsal bulbar conjunctiva. For topical use in horses, the 
strips are mixed in tear solutions immediately before use to 
ensure sterility. Contaminated solutions readily grow bacteria 
such as Pseudomonas aeruginosa. Commonly used preserva- 
tives such as benzalkonium chloride and chlorobutanol are inac- 
tivated by fluorescein.'** In large animals, it is convenient to 
immerse the paper strip in 0.5 ml of 0.9% sterile saline or eye 
flush within a syringe and needleless hub and use it to gently 
squirt the cornea (Fig. 9.1.19). 

The most common use of sodium fluorescein is the detec- 
tion of corneal and conjunctival epithelial defects. All red, 
inflamed, or painful eyes should be routinely stained with 
fluorescein, including eyes with suspected KCS that may be 
associated with corneal ulceration.*! After the instillation of 
fluorescein on the conjunctiva, the eyelids are closed or the 
patient is allowed to blink. The stain is subsequently distrib- 
uted across the corneal and conjunctival surfaces. Direct 
contact between the paper strip and the cornea can deposit 
excess stain, which may be misinterpreted as a corneal defect. 
Gently flushing the eye after staining will remove any excess 
fluorescein and simplify the diagnosis of both corneal and con- 
junctival lesions. Corneal integrity is evaluated with fluores- 
cein dye, a hydrophilic chemical that is absorbed by exposed 
corneal stroma when corneal epithelial defects (ulcers) are 
present (Fig. 9.1.19). Fluorescein also stains intercellular 
spaces, but does not bind to intact healthy corneal epithelium 
or to Descemet’s membrane (Table 9.1.4).° Fluorescein will 
also stain conjunctival ulcers and abrasions (e.g., those occur- 
ring with FHV-1 infection). The use of a direct ophthalmo- 
scope or slitlamp biomicroscope with acobalt-blue filter 
enhances fluorescence and facilitates identification of ulcers.° 

Fluorescein may similarly be used to detect the leakage of 
aqueous humor through deep corneal ulcers, lacerations, punc- 
ture wounds, and suture sites (i.e., the Seidel test).™®!0 To per- 
form the Seidel test, sodium fluorescein is liberally applied 
undiluted to the cornea without subsequent flushing. At this 
high concentration (2%), the dye fluoresces at wavelengths 
closer to the yellow and orange spectra. If the corneal integrity 
is compromised, a minute volume of green fluorescence 
appears at the site of the leak because of local dilution of 
the dye. 


The TBUT is a noninvasive ocular diagnostic test that may 
be used to support a presumptive diagnosis of a qualitative 
tear abnormality: itis a measure of the stability of the PTF that 
involves recording the time it takes for the fluorescein dye, 
and hence the tear film, to dissociate from the corneal 
surface.'*4'8! Abnormalities of the mucin and/or lipid layers 
in PTF can thus be evaluated using TBUT. To perform this 
test, 1% to 2% fluorescein is applied to the eye, the animal is 
allowed to blink, and the lids are then maintained in the open 
position until the fluorescent tear film begins to disassociate: 
the dry spot will appear as a dark, round spot in the fluorescent 
tear film. Slitlamp biomicroscopy using a cobalt-blue filter 
facilitates this procedure. In the dog, the average normal time 
between the first blink and development of the first dry spot 
is approximately 20 seconds (19.7 + Ssecs).'*!!*4 In cats, 
Cullen and colleagues recently estimated the average TBUT 
to be 16.7 + 4.5 secs.!™ In horses, Harling found the TBUT 
to be over 13 seconds.! Normal eye movements can interfere 
with accurate analysis of the TBUT. Xylazine and ketamine 
may be used to minimize such movements. In affected ani- 
mals, TBUT is usually less than 5 seconds.!** The TBUT is 
relatively easy to perform, and its use is encouraged when 
qualitative PTF dysfunction is a differential diagnosis. A con- 
junctival biopsy to enumerate goblet cells may be performed 
to confirm mucin deficiency. !°-!®! 

Patency of the nasolacrimal apparatus is tested by applying 
sodium fluorescein to the eye and timing the passage of fluo- 
rescein through the system to the external nares (i.e., the Jones 
test).!® Each side is tested, and passage times are compared. 
Fluorescein normally traverses the nasolacrimal apparatus 
within 5 minutes in the dog and cat, and in less than 10 minutes 
in the horse.!® The amount of fluorescein, rate of tear produc- 
tion, and length of the nasolacrimal duct all influence this 
time. Thus, longer times or failure of passage may indicate 
partial or complete obstruction, respectively. False-negative 
results may occur in the cat or dog that frequently licks its 
nares, thereby removing the stain before it is visualized. False- 
negative results may also occur in brachycephalic breeds, in 
which the stain drains caudally into the nasopharynx rather 
than through the external nares. Examination of the caudal 
tongue and pharynx with blue light can confirm passage in 
these animals. 
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Figure 9.1.19. Ophthalmic stains. Fluorescein dye (A & B) is used to detect corneal and conjunctival defects, aqueous humor leakage with the Seidel 
test, and precorneal tear film (PTF) deficiencies (mucin and lipid deficiencies) by the tear break-up time (TBUT), and to assess the nasolacrimal duct 
patency. Rose Bengal (C & D) is used to assist diagnosis of PTF disorders (KCS, mucin deficiency), and superficial corneal epithelial abnormalities. 
For adequate visualization of rose Bengal stain retention, slitlamp biomicroscopy is recommended. In a clinical setting, the lissamine green (E & F) seems 
better tolerated than rose Bengal by patients and equally as effective as rose Bengal in evaluating the ocular surface disorders. 


Rose Bengal (i.e., tetrachloro-tetraiodofluorescein) is avail- 
able as an impregnated paper strip and a solution.'®!” The 
solution can be irritating, but use of the 0.5% or lower concen- 
trations versus the 1.0% solution appears to minimize this irri- 
tation.'”? In animals, rose Bengal is used to assist diagnosis of 
PTF disorders (KCS or mucin deficiency) and superficial 
corneal epithelial abnormalities (Fig. 9.1.19). For adequate 
visualization of rose Bengal stain retention, slitlamp biomi- 
croscopy is recommended. 

Rose Bengal was previously thought to stain only dead and 
degenerating cells and mucus. Recent work, however, sug- 
gests that rose Bengal has a dose-dependent ability to also 
stain healthy corneal epithelial cells; it also has a toxic effect 
on these cells in a dose-dependent fashion. This dye is actu- 
ally toxic to corneal epithelium at routine concentrations and 
certainly more toxic and irritating than the lissamine green 
(Table 9.1.4).168-169.186-188 Normal tear film components such 
as mucin appear to block absorption of rose Bengal, thus sug- 
gesting that stain uptake is not dictated by the lack of cell 
vitality but rather represents poor stability of the PTF and 
inadequate protection of the corneal epithelium. 186188 

Besides being used to assess the integrity of the PTF, rose 
Bengal may also be used to demonstrate very small superficial 


ulcers and erosions such as the punctate corneal lesions often 
present in early stages of keratomycosis, punctate keratitis in 
the dog, and dendritic lesions caused by FHV-1 infection in 
the cat (Fig. 9.1.19).!% These lesions frequently do not retain 
fluorescein, but they will stain an intense red with rose Ben- 
gal.!® If indicated, the Rose Bengal and the fluorescein stains 
can be conveniently administered at the same time because the 
stain properties are not affected by the mixing.'”” Rose Bengal 
and lissamine green are bactericidal and vivacidal, and there- 
fore any swab for microbiology culture or virus identification 
(i.e., by PCR) should be performed prior to staining. 
Lissamine green is a synthetically produced organic acid 
dye with two aminophenyl groups.'’’ Although lissamine 
green is used clinically in Europe (rose Bengal is not available 
in some European countries), it has not been widely adopted 
in the United States. The lissamine green has been tested on 
cultured rabbit and human corneal epithelial cells,!*’ and the 
cell viability was much greater for 1% and 0.5% lissamine 
green than for rose Bengal at the same concentrations. No dif- 
ference in cell viability was seen for the lissamine green 
and the rose Bengal at 0.1% (see Table 9.1.4).'8’ Norn showed 
that lissamine green has a staining profile nearly identical 
torose Bengal, and Chodosh and colleagues showed that 
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lissamine green does not stain healthy epithelial cells but only 
membrane-damaged cells (Fig. 9.1.19).!87!90-! Th a clinical 
setting, the lissamine green seems better tolerated than rose 
Bengal by patients'?' and equally as effective as rose Bengal 
in evaluating ocular surface disorders. 187191192 


Nasolacrimal Flush 


Nasolacrimal flush is the injection of normal saline solution or 
ocular flush through the nasolacrimal drainage apparatus 
either orthograde (i.e., from the eyelid puncta) or retrograde 
(i.e., from the distal nare’s opening). Indications include 
chronic epiphora or mucopurulent ocular discharge combined 
with delayed or absent fluorescein passage from the eye to the 
external nares (i.e., negative Jones test). 

In the dog, cat, and cattle, nasolacrimal flush is performed 
orthograde because of the difficulty in identifying the distal 
opening of the nasolacrimal duct. Dogs must be firmly 
restrained, and resistant animals may require heavy sedation 
or even light, general anesthesia. Cats may also require gen- 
eral anesthesia (e.g., ketamine), because their lacrimal puncta 
are small and difficult to cannulate. Cattle can be placed in a 
chute or stanchion, their heads pulled laterally with a nose 
lead. Following one or more instillations of topical anesthetic, 
the upper and lower lacrimal puncta are identified near the 
medial canthus, 1- to 2-mm bulbar to the eyelid margins (Fig. 
9.1.21). The lacrimal puncta are oval in the dog, cow, and 
horse, and they are round in the cat. In some animals, a small 
amount of pigment along the margins of the lacrimal puncta 
facilitates identification. With the upper lid everted to expose 
the upper lacrimal punctum, a cannula or blunt-tipped hypo- 
dermic needle (in the cow, 20-21-gauge; in the dog, 22-23- 
gauge; in the cat, 24—25-gauge) is gently inserted in a medial 
direction (Fig. 9.1.21). Sterile saline is then slowly injected 
until it flows from the lower lacrimal punctum. This estab- 
lishes patency of the upper and lower lacrimal puncta, upper 
and lower canaliculi, and lacrimal sac. If the lower lacrimal 
punctum is imperforate, a small bleb rises under the conjunc- 
tiva in that area. Pressure is then applied to occlude the lower 
punctum, and 2 to 10 mL of sterile saline or ocular flush are 
injected through the nasolacrimal duct. Resistance to passage 
(or failure of passage) is noted, and any debris exiting the duct 
may be collected for cytology and possible culture. Care must 
be taken to hold the muzzle down during this procedure; oth- 
erwise, the flush may drain caudally into the nasopharynx. 

In the standing horse, a retrograde nasolacrimal flush is 
usually performed (Fig. 9.1.20). The animal is placed in 
stocks, and a lower lip twitch is applied. Many horses also 
require sedation with xylazine or detomidine for adequate 
restraint. The distal opening of the nasolacrimal duct is usu- 
ally visible at the ventral mucocutaneous junction of the exter- 
nal nares. Topical anesthetic ointment is applied around this 
opening, and a short polyethylene tube is inserted proximally 
after its tip has been coated with lidocaine gel (4- to 6-French 
urinary catheter, tomcat catheter, or 5-French feeding tube). 
Approximately 10 to 15 mL of sterile saline are injected; fluid 


should be observed to drain from the upper and lower lacrimal 
puncta. Sneezing by the horse is common during this proce- 
dure and may be violent. Each lacrimal punctum can be evalu- 
ated in turn by occluding the opposite lacrimal punctum with 
digital pressure. On occasion, it may be necessary to cannu- 
late nasolacrimal drainage apparatus via the puncta, particu- 
larly if the retrograde irrigation is unsuccessful, if material is 
required for culture, or when surgery is to be performed in this 
area. A suitably sized cannula or a urinary catheter can be 
used to cannulate the punctum, and usually the punctum of the 
lower eyelid is slightly larger and easier to cannulate. 10163-193 
Obstructions are classified as either complete or incom- 
plete as well as physiologic or mechanical. Physiologic 
obstructions occur with entropion and misplaced lower 
lacrimal puncta. These obstructions may be complete, thus 
preventing fluorescein passage entirely, but the nasolacrimal 
duct can be flushed easily. Mechanical obstructions include 
imperforate puncta, micropuncta, canalicular agenesis, dacry- 
ocystitis, neoplasia, and stenosis. With inflammatory obstruc- 
tions, multiple flushes may be required to loosen and expel 
cellular debris and exudate. Excessive pressure during flush- 
ing should be avoided, however, because this may exacerbate 
inflammation by traumatizing the nasolacrimal apparatus and 
even forcing the infection into the surrounding tissues. Skull 
radiographs and a contrast dye study (i.e., dacryocystorhinog- 
raphy) should be performed if the duct cannot be irrigated. 


Corneal Esthesiometry 


The corneal epithelium is the most densely innervated and 
exquisitely sensitive surface epithelium of the body. The 
corneal sensitivity is essential for the maintenance of the nor- 
mal corneal physiologic process. The corneal sensation is 
derived from the ophthalmic division of the trigeminal ganglion 
in dogs, humans, cats, horses, and rabbits. A gradation appears 
to exist in the sensitivity of the cornea, with the sensitivity 
inversely proportional to the total number of corneal stromal 
nerve fibers present. Human corneas have the most sensitive, 
and the cat, dog, and rabbit corneas have less sensitivity.!°4! 
Corneal sensitivity in animals is most acute in the central 
cornea, with the cornea most sensitive along the horizontal 
meridian and the least sensitive in the vertical meridian. %17 

Corneal sensation may be demonstrated by touching the 
cornea gently with a thin wisp of cotton while holding open 
the eyelids. When touched from the periphery to avoid a 
menace response, the normal reflex is retraction of the globe, 
with protraction of the nictitans. This reflex tests cranial 
nerves V and VI. 

The degree of corneal sensation can also be semiquantified 
in different areas of the cornea using a corneal esthesiometer 
(Fig. 9.1.22). This instrument evaluates the corneal sensitivity 
by measuring the corneal touch threshold (CTT). These instru- 
ments contain a small-diameter (0.12 mm), adjustable from 6.0 
to 0.5 cm (pressure varying from 11 to 200 mg/0.0113mm”), 
platinum (Larson-Millodot esthesiometer) or nylon (Cochet- 
Bonnet esthesiometer) filament. Pressure from the tip of the 
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Figure 9.1.20. Nasolacrimal flush in a horse (A-E). In the standing horse, a retrograde nasolacrimal flush is usually performed. The animal is placed in 
stocks, and a lower lip twitch is applied. Many horses also require sedation with xylazine or detomidine for adequate restraint. The distal opening of the naso- 
lacrimal duct is usually visible at the ventral mucocutaneous junction of the external nares (D). Topical anesthetic ointment is applied around this opening, 
and a short polyethylene tube is inserted proximally after its tip has been coated with lidocaine gel (E). Approximately 10 to 15 mL of sterile saline are 
injected; fluid should be observed to drain from the upper and lower lacrimal puncta (A, B, C). Sneezing by the horse is common during this procedure and 
may be violent. Each lacrimal punctum can be evaluated in turn by occluding the opposite lacrimal punctum with digital pressure. 
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Figure 9.1.21. Nasolacrimal flush in a dog. In the dog, nasolacrimal flush 
is performed orthograde because of the difficulty in identifying the distal 
opening of the nasolacrimal duct. Dogs must be firmly restrained, and resist- 
ant animals may require heavy sedation or even light, general anesthesia. 
Following one or more instillations of topical anesthetic, the upper and lower 
lacrimal puncta are identified near the medial canthus, 1- to 2-mm bulbar to 
the eyelid margins. With the upper lid everted to expose the upper lacrimal 
punctum, a cannula or blunt-tipped hypodermic needle is gently inserted in a 
medial direction. Sterile saline is then slowly injected until it flows from the 
lower lacrimal punctum. This establishes patency of the upper and lower 
lacrimal puncta, upper and lower canaliculi, and lacrimal sac. 


filament is able to stimulate about 100 nerve endings over 4 to 
10 epithelial cells. The shorter the filament, the more pressure 
is applied to the cornea, and vice versa (Fig. 9.1.22). When the 
CTT pressure to stimulate corneal sensory nerve endings is 
reached, the blink reflex is elicited. The CTT is defined as the 
pressure at which the majority of touch stimuli cause a blink 
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response. Therefore, the CTT and the corneal sensitivity are 
inversely proportional: the lower the CTT, the higher the 
corneal sensitivity. The test should be performed in a quiet 
environment with a minimal of head restraint or eyelid manip- 
ulation. The test should begin with the esthesiometer monofila- 
ment length at maximal length (6.0 cm); the length is then 
decreased at regular increments until the animal demonstrates 
consistent corneal blink reflexes in response to the stimulus, 
The CTT has been measured in humans, rabbits, dogs, cats, 
and horses.!°*19-!°8 The reported CTT in standardized unit 
(mg/0.0113mm*) include 87 to 167 in albino rabbit,!” 96 in 
dogs,'** 45 in pigmented rabbits, 43 in cats,!? 15 in adult 
horses, !°8?0° 13 in foal,!° and 10 to 14 in humans. The 
equine cornea is thus very sensitive compared to the other ani- 
mals. The corneal sensitivity has been shown to depend on the 
corneal region tested: the greatest corneal sensitivity level in all 
these species was confined to the central cornea. The corneal 
sensitivity differs among breeds of dogs, depending on their 
skull type: the brachycephalic dogs have the least sensitive 
corneas (i.e., CTT higher in brachycephalic than in dolicho- 
cephalic dogs).!°* Similarly, the cornea of brachycephalic cats 
is less sensitive than that of Domestic Short-haired cats.”°! No 
difference in CTT was found according to the sex and age in 
dogs and horses,!”4!°8200 whereas variations exist in normal 
human corneal sensitivity depending on the age, gender, and 
pigmentation of the iris.7° 


Tonometry 


Tonometry is the indirect measurement or estimation of IOP or 
tension. It is an essential diagnostic procedure during the eye 
examination in animals, particularly of any eye that is red or 
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Figure 9.1.22. Corneal esthesiometry. The degree of corneal sensation can also be semiquantified in different areas of the cornea using a corneal esthe- 
siometer such as the Cochet-Bonnet esthesiometer (A). This instrument evaluates the corneal sensitivity by measuring the corneal touch threshold (CTT). 
These instruments contain a small-diameter, adjustable from 6.0 to 0.5 cm, platinum (Larson-Millodot esthesiometer) or nylon (Cochet-Bonnet esthesiome- 
ter) filament. Pressure from the tip of the filament is able to stimulate about 100 nerve endings over 4 to 10 epithelial cells. The shorter the filament, the more 


pressure is applied to the cornea, and vice versa. 


painful or that has focal or diffuse corneal edema, mydriasis, 
orbital trauma, lens luxation, or a history of glaucoma, either of 
the eye of interest or the fellow eye. Tonometry may be per- 
formed via digital palpation, indentation, or applanation tech- 
niques. It is relatively quick and simple and provides crucial 
information to the clinican.> This noninvasive procedure 
allows the examiner to evaluate IOP (either hypertension or 
hypotension) and to intermittently monitor glaucomatous eyes 
for progression or response to therapy. The procedure can be 
performed with minimal discomfort to the patient, and the 
results can significantly determine prognosis and guide deci- 
sions regarding treatment regimens. The normal IOP of most 
animals is usually somewhere between 15 and 25 mmHg due 
to the conservation between species. Generally, the difference 
in IOP between fellow eyes should be less than 8 mmHg.” 
If this is not the case, a thorough examination should be 
performed to identify any pathology that may be responsible 
for the difference. 
© Digital tonometry was reported as early as pre-Hippocratic 
times, and it is still practiced by some human and veterinary 
ophthalmologists. The first indentation tonometer was 
reported by von Grafe in 1862. This was followed by reports 
of a similar device from Donders in 1863. In 1905, Schiotz 
developed and described an indentation tonometer that even- 
tually became the most widely used instrument in the world. 
Maklakoff engineered the first applanation tonometer in 1885, 
and a modification of this device (i.e., Tonomat) was created 
by Posner and Inglima in 1964. Verhoeff developed the Souter 
applanation tonometer in 1916, reporting its use for optical 
estimations of IOP, and in 1954, Goldmann developed a slit- 
lamp-mounted applanation tonometer, which has become the 
standard for applanation tonometry in human ophthalmology.° 
To perform digital tonometry, the index and middle fingers 
are placed against the patient’s closed upper eyelid, and slight 
pressure is applied with one finger while the globe is stabi- 
~ lized with the other (Fig. 9.1.24).° Digital tonometry requires 
considerable practice, but it may be necessary when instru- 
mental tonometers are unavailable or considerable corneal 
pathology is present. The accuracy of digital tonometry varies 
widely between clinicians and generally does not approach 
that obtained by indentation and applanation tonometers 
(Fig. 9.1.24). However, a study in humans comparing digital 
with Goldmann tonometry showed that glaucoma specialists 
could digitally identify most eyes with an IOP of greater than 
30 mmHg.™ Digital tonometry basically differentiates 
between soft and hard eyes and is not a substitute for a more 
objective measurement. 

Instrumental tonometry has since been reported for many 
animal species, including laboratory species, companion ani- 
mal species, nonhuman primates, and many captive exotic 
species.’ The Schiotz tonometer is the primary indenta- 
tion tonometer used today. Various models are available; they 
consist of a convex corneal footplate attached to a 3-mm diam- 
eter, jewel-mounted plunger, a holding bracket, a recording 
scale, and either a 7.5 or 10.0 g weight. The footplate approxi- 
mates the curvature of the human cornea, and the low-friction 
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plunger protrudes slightly from its concave surface. Depending 
on the corneal rigidity, the plunger is variably depressed such 
that each 0.05 mm of depression moves the stylet one scale 
unit. The instrument measures the amount of corneal indenta- 
tion produced by a given weight. Scale readings are converted 
to mmHg via the instrument’s calibration or conversion table. 
Conversion tables have been calculated for the dog and the cat 
from invasive manometry, but these tables result in higher IOPs 
than the comparable scale readings on the human conversion 
table, perhaps because of differences between corneal and 
scleral rigidity, and may not be as accurate,?06-210.211,228 

In order for the examiner to achieve the most accurate read- 
ing possible with Schiotz tonometry, the patient must be 
restrained with the head and eyes directed upward nearly ver- 
tical and the eyelids held open against the orbital rim.> Care 
must be taken to avoid pressure being placed against the entire 
globe rather than strictly against the cornea, because pressure 
on the globe may artifactually elevate the IOP. Pressure on the 
jugular veins from excessive restraint or a tight-fitting collar 
may also elevate the IOP, particularly in brachycephalic dogs.° 
Schiotz tonometry is impractical in the horse and other large 
species with laterally positioned globes because of the diffi- 
culties encountered in properly positioning these animals 
while they are awake. General anesthesia is required in large 
animals in order to place them in lateral recumbency and in 
any other animal whose head cannot safely be directed 
upward.'° However, despite this complicated process, normal 
Schiotz values have been reported in the horse as between 14 
and 22 mmHg.’ Following instillation of topical anesthetic, 
the footplate of the instrument is rested on the central cornea, 
with the instrument held vertically, and scale readings are 
recorded. Three separate readings are taken, and the closest 
two results are averaged. Because of the weight of the instru- 
ment pressing on the globe, consecutive readings become pro- 
gressively lower. 

Before and after its use, the Schiotz tonometer should be 
cleaned to prevent debris from entrapping the plunger. The 
Schiotz tonometer should also be checked with a stainless 
steel calibration surface just before each use to ensure the 
plunger is functioning properly. The footplate of the Schiotz 
tonometer is designed to match the human corneal curvature; 
therefore, its accuracy may vary in veterinary patients. Large 
eyes with flatter corneas generally give falsely low readings, 
whereas small eyes with greater corneal curvature tend to give 
falsely high readings. Eye movement may affect the results as 
well. Readings taken at the limbus yield higher values com- 
pared with more accurate, central corneal readings.° Nictitans 
protrusion can interfere with Schiotz tonometry, but this can 
be overcome by inserting the instrument’s footplate beneath 
the third eyelid or by retracting the nictitans with thumb for- 
ceps. Results of studies comparing the Schiotz instrument 
with the 5.5- and 7.5-g weights and the Mackay-Marg or 
TonoPen applanation tonometers, however, suggest that rea- 
sonable correlations are possible with the Schiotz tonome- 
ter.°°3! Tt can provide a reasonable estimation of IOP 
(probably + 4 to 5 mmHg) but still is not as accurate as the 
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applanation tonometers and is not as easy to employ.° Schiotz 
tonometry is not recommended in patients with weakened or 
diseased corneas. Its results may be inaccurate following scle- 
ral buckling and glaucoma filtration procedures or any other 
procedure that alters the rigidity of the fibrous coat of the eye. 

Applanation tonometers measure the force required to flat- 
ten, or applanate, a constant area of cornea, or by measuring 
the surface area flattened by a predetermined force. A variety 
of instruments are available that utilize this technique to esti- 
mate IOP. A 3- to 4-mm diameter planosurface on the contact 
probe flattens an area of the cornea, and applied forces are 
evaluated either optically with a split-field prism and fluores- 
cein or electronically with linear transducers, gas-suspended 
probes, or air-pulse noncontact sensors. Available applanation 
tonometers include the Goldmann, Draeger, Perkins, Halberg, 
Maklakoff, Mackay-Marg, TonoPen, TonoVet, and pneu- 
matonograph tonometers. The TonoPen is currently the most 
widely used form in veterinary medicine because of its ease of 
use and portability (Fig. 9.1.23). 

The Goldmann, Draeger, Perkins, and Halberg applanation 
tonometers estimate IOP by aligning a corneal contact prism 
with a hand dial or small motor to calculate the force of appla- 
nation. The Goldmann tonometer is affixed to a table-mounted 
slitlamp biomicroscope and is the most accurate applanation 
tonometer in human ophthalmology. It requires that the eye 
remain stationary for several seconds to obtain an accurate 
reading. The Draeger, Perkins, and Halberg applanation 
tonometers are handheld instruments, and similar to the Gold- 
mann tonometer, they require the eye to remain stationary for 
several seconds. These instruments have been used in sedated 
rabbits and nonhuman primates, but they are not useful for 
clinical veterinary ophthalmology.° 

Electronic applanation instruments became available after 
the advent of the Mackay-Marg tonometer. Of these, how- 
ever, only the TonoPen and TonoVet models remain commer- 
cially available today. The Mackay-Marg tonometer relies on 
a ceramic actuating rod suspended within the tip of a stain- 
less-steel probe that activates a position transducer. The 
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high-frequency, alternating current supplied to the transducer 
by an amplifier-recorder unit is subsequently modified and 
returned to the recorder. The lowest repeatable measure- 
ments represent the IOP. Most laboratory studies have found 
the Mackay-Marg tonometer demonstrates superior accuracy 
over other available applanation tonometers. 

The TonoPen is an 18 x 2 cm, handheld, battery-operated 
instrument that functions similarly to the Mackay-Marg 
tonometer. The footplate of the instrument contains the 
plunger, which achieves applanation of the cornea and is 
covered by a disposable latex membrane that protects the 
sensitive plunger and prevents disease transmission. Light tap- 
ping of the instrument on the central two thirds of the cornea 
perpendicular to the point of contact will produce accurate 
readings (Fig. 9.1.23). Recoil of the ceramic plunger follow- 
ing corneal contact produces a signal that is amplified, digi- 
tized, and passed through a single-chip microprocessor. IOP 
measurements are displayed on a liquid-crystal screen. Prior to 
use of the TonoPen, topical anesthetic is instilled into the eye, 
and the eyelids are retracted. The probe tip is used to gently 
and repeatedly contact the central cornea without indenting it. 
Brief clicks indicate when individual readings have been 
recorded, and a sustained tone indicates when a mean JOP has 
been calculated. The mean IOP is then displayed along with 
the coefficient of variance (i.e., 5%, 10%, 20%, or >20%). The 
TonoPen is very accurate in the normal range of IOPs but tends 
to overestimate IOP in the low range and underestimate IOP in 
the high range in dogs, cats, and humans.??775031,233 Because 
of its portability, reliability, and cost, the TonoPen has become 
the most popular instrument among veterinary ophthalmolo- 
gists for measurement of IOP. 

The TonoVet is the latest model of tonometer to be 
produced and distributed to the veterinary market. It utilizes a 
novel induction-impaction method to determine IOP, essen- 
tially measuring rebound action of the magnetic probe as 
it contacts the eye and bounces back.” It has the advantage of 
not requiring topical anesthesia prior to its use; however, it 
must be held upright during measurement, which may make its 
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Figure 9.1.23. Applanation tonometry in a dog (A) and a horse (B) using the TonoPen tonometer. 


Figure 9.1.24. Digital tonometry in a dog. Although not a precise meas- 
urement of IOP, digital tonometry can often provide a useful estimate, 
although subjective, of the intraocular tension, particularly when instru- 
ments that would allow a more precise measurement to be made are 
unavailable. 


use difficult in recalcitrant or recumbent patients. Preliminary 
studies report that its accuracy is comparable to that of the 
TonoPen.”** 

The pneumatonograph is an applanation tonometer- 
tonographer that measures IOP via a gas-suspended plunger. 
Compressed air is directed into a sensor housing that contains a 
hollow, metal plunger with a silicone sensor membrane at its 
tip. Part of the gas supports the plunger, thereby allowing it to 
move in a near-frictionless state; the rest of the gas passes 
through the hollow plunger (i.e., measurement chamber), 
gently pressing the sensor against the cornea during applana- 
tion.> Pressure from the eye restricts the flow of gas between 
the sensor membrane and the plunger tip, thus increasing the 
pressure within the measurement chamber. To record IOP 
with the pneumatonograph, the patient’s cornea is anes- 
thetized, and the eyelids are gently retracted. With the plunger 
extended, the silicone footplate contacts the central cornea. 
Pressure is then applied until the plunger is depressed approxi- 
mately halfway into the sensor housing, as indicated by red and 
green marks on the plunger, and contact is maintained for sev- 
eral seconds.° Although very accurate in other species, the 
pneumatonograph may give falsely reduced pressure readings 
in the horse and the cow. 

It is important to consider the effects any sedation or anes- 
thesia may have on your tonometric estimations. In small, 
cooperative patients, the main factors affecting the measure- 
ment of IOP, aside from those already discussed such as exces- 
sive restraint, improper positioning, or excessive pressure on 
the globes, include improper or inexperienced use of equip- 
ment or a disease process affecting one or both globes. In 
larger animals, such as horses, sedation must often be adminis- 
tered in order to achieve a thorough ophthalmic examination. 
Many common sedatives, such as xylazine or acepromazine, 
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may significantly decrease IOP, even by as much as 23% in the 
case of xylazine.?!9°6 There is debate about whether or not an 
auriculopalpebral nerve block affects IOP in the horse. Some 
studies report that animals that have not received an auricu- 
lopalpebral block prior to tonometry will have an elevated IOP 
caused by the pressure of the eyelids on the globe.?”””?’ Other 
studies failed to support this finding.7°*38 General anesthesia 
will frequently affect IOP, usually by decreasing it. 


Gonioscopy 


Gonioscopy is the examination of the iridocorneal angle 
(ICA), or filtration angle, and ciliary cleft of the eye. Exami- 
nation of this region is crucial for evaluating the aqueous out- 
flow pathways and also for insight into the pathogenesis of a 
glaucomatous state. The angle should be examined for width 
(open, closed, or narrow), presence and character of the pecti- 
nate ligaments that traverse the space between the cornea and 
the base of the iris, presence of synechia (especially peripheral 
anterior synechia), peripheral iris cysts, foreign bodies, neo- 
plasia, granulomas, traumatic iridal dialyses or other injuries, 
and anterior segment colobomas.233°-*42 Gonioscopy can 
also be used to identify potential intraocular extension of lim- 
bal masses, such as melanomas. 

Trantas reported direct visualization of the human irido- 
corneal angle in 1907 and again in 1918.7 Later, Salzmann 
constructed the first goniolens from a modified Fick kerato- 
conus contact lens.” Between 1919 and 1920, Koeppe 
described gonioscopy using a slitlamp and a special steeper 
contact lens. Troncoso modified the Koeppe goniolens in 1920, 
using a monocular instrument called a gonioscope to magnify 
the angle by a power of 13 to 21. In 1938, Barken described 
gonioscopy as a diagnostic aid for human primary glau- 
coma,” and in that same year, Goldmann introduced the indi- 
rect goniolens that allowed visualization of all 360 degrees of 
the iridocorneal angle simply by rotating the mirror of the 
goniolens. In 1942, Troncoso introduced the binocular gonio- 
scope, which was a handheld instrument allowing stereoscopic 
visualization of the iridocorneal angle.” In 1936, Troncoso 
and Castroviejo?” published the comparative gonioscopic 
anatomy of the rabbit, pig, cat, dog, and nonhuman primate. In 
1960, Calkins”*° published a phylogenetic study of the irido- 
corneal angle in a variety of species, and Magrane™*’ and 
Lovekin"? also briefly described gonioscopy in 1957 and 
1964, respectively. Lescure” photographed the canine ICA 
and ciliary cleft in 1963 using the Goldmann lens. In 1969, 
Gelatt published photographs of the normal canine ICA and 
ciliary cleft using the Koeppe lens and Kowa fundus camera.” 

The ICA of most animals, including humans, cannot be 
directly visualized because the scleral shelf obscures the view. 
Some animals with very large and deep anterior chambers, 
such as felids, have ICAs and ciliary clefts that are somewhat 
visible to the unaided eye. In most species, however, light 
directed at the ICA cannot return from the eye to allow exami- 
nation of the structures of interest because of the angle of inci- 
dence of the light as it exits and the difference between the 
refractive indices of cornea (1.376) and air (1.000). Usually, in 
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small animals, light coming from the ICA is reflected back 
into the anterior chamber.” In order to appreciate the angle, a 
contact lens must be placed on the cornea to bend light in such 
a way that it exits the cornea toward the observer. After the 
lens is placed on the cornea, the light can exit the eye because 
the curvature of the lens is different from that of the cornea, 
and the refractive index of the lens (either plastic or glass) is 
different from that of the air (the difference between the 
cornea and the lens is less than that between the cornea and 
the air).>,?? 

Many different goniolenses are available commercially, and 
they fall into two categories: direct or indirect. Direct 
goniolenses allow the examiner to look across the anterior 
chamber to the opposite ICA segment. The image perceived 
with direct gonioscopy is magnified and real, but it is difficult 
to examine the entire 360 degrees of the angle, and the exam- 
iner must be quite physically close to the patient for an effec- 
tive examination (Fig. 9.1.26). The observer must change 
positions to examine the entire ICA. Examples include small 
lenses such as the Cardona, Hoskins-Barkan, Layden, and 
Swan-Jacob models, which are useful in small eyes; Barkan 
and Koeppe lenses, which are held in place with a finger or 
instrument; and Franklin and Troncoso models, which have sil- 
icone flanges and tube-handles, respectively (Fig. 9.1.25). 
There are goniolenses that use vacuum created by a small 
syringe to improve attachment to the cornea. 

Indirect goniolenses use mirrors or prisms that allow the 
ICA and opening of the ciliary cleft to be visualized from 
directly in front of the patient. The entire circumference of 
the angle can be observed simply by changing focus from 
mirror to mirror; therefore, minimal manipulation is neces- 
sary and safe working distances are possible. However, indi- 
rect goniolenses or prisms are designed for human corneas, 
which are significantly smaller and have a more acute curva- 
ture than canine corneas. When they are used in our small 
animals, they have a tendency to distort the image of the 
angle, producing an artifactual narrowing of the iridocorneal 
angle. The Karickhoff diagnostic lens, Posner gonioprisms, 


Figure 9.1.25. Selected goniolenses used in animals. A. Franklin; B. 
Koeppe; C. Troncoso; D. Lovac; E. Cardona; F. Swan-Jacob. 


and Sussman gonioscope are examples. There are various 
other single-, two-, and three-mirrored forms as well. 

After the lens is in place, a light source is utilized to illumi- 
nate the ICA (Fig. 9.1.26). A portable slitlamp biomicroscope 
is ideal for providing magnification and stereopsis, but an oto- 
scope with the speculum removed, a Heine or Barkan gonio- 
scope, or a handheld fundus camera can also be used. While 
the most difficult animals may require sedation for a thorough 
examination, most small animals can usually be examined 
with only topical anesthetic. In rare cases, a temporary palpe- 
bral nerve block may be necessary. If a lesion or area of inter- 
est is located in a particularly difficult area to examine, such as 
at twelve o’clock, and the patient must be placed in dorsal 
recumbency for the examination, sedation or even general 
anesthesia may be required. After the topical anesthetic is 
instilled, a 1.0% to 2.5% methylcellulose solution is placed on 
the contact surface of the goniolens, and the lens is then 
applied to the cornea. Less viscous solutions, such as 0.9% 
saline, are not as effective at preventing air from getting 
between the lens and the cornea. Air bubbles should be 
avoided because they will distort light and prevent adequate 
visualization of the ICA. Gonioscopy is performed after 
examination of the rest of the interior of the eye because the 
coupling gel necessary to affix the contact goniolens to the 
cornea will obscure the view for ophthalmoscopy. 

The entire ICA and opening of the ciliary cleft are systemat- 
ically evaluated, with special attention given to width, pectinate 
ligament conformation, inner and outer pigment zones, and 
uveoscleral trabecular meshwork (Fig. 9.1.27). Gonioscopy is 
most often used to evaluate glaucoma in small animals, particu- 
larly dogs and cats. The ICA and ciliary cleft are classified as 
open, narrow, or closed, and any abnormalities are noted during 
the examination. Indentation or dynamic gonioscopy may be 
used to differentiate reversible iridocorneal angle apposition 
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Figure 9.1.26. The direct Franklin goniolens in place on a canine 
cornea. 


Figure 9.1.27. The normal ICA seen by gonioscopy using a Franklin 
goniolens. Note the pectinate ligament (A) and inner and outer pigmented 
layers (C). In this figure, the cornea appears in the dorsal aspect and the 
iris below the angle. 


from angle closure associated with peripheral anterior 
synechiae by applying slight pressure at the peripheral cornea to 
achieve separation if it is possible. 

In the horse, the ICA can be examined without the use of a 
specifically designed goniolens. The entire circumference of 
the angle in the foal and portions of the nasal and temporal 
angle at the limbus in the adult horse are visible through the 
cornea. The portions of the angle seen in the adult horse are 
generally representative of the entire angle (Michau, personal 
communication, 2005). Fortunately, abnormalities of the ICA 
are rare in the horse. 


Tonography 

Tonography is the use of continuous tonometry to estimate non- 
invasively the facility of conventional aqueous humor out- 
flow.?°°5! Tn this technique, a tonometer is allowed to rest on 
the cornea for a set time period, usually 2 or 4 minutes. Its 
weight forces fluid out of the eye, and the resultant pressure rate 
of decay is recorded. In theory, the weight of the tonograph 
probe on the cornea increases both the IOP and the rate of aque- 
ous humor outflow without changing the rate of aqueous humor 
formation. The subsequent decline in IOP is measured over a 
period of minutes, thereby allowing the examiner to estimate 
the pressure-sensitive conventional (i.e., corneoscleral trabecu- 
lar outflow) facility of aqueous humor outflow. The unconven- 
tional (i.e., uveoscleral outflow) aqueous humor outflow is 
pressure-independent and thus is not estimated by tonography. 
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Schiotz first described reduction of IOP through repeated 
tonometry in 1905, noting that pressure reduction occurred to a 
greater degree in normal than in glaucomatous eyes. In 1911, 
Polak-van Gelda reported similar results using intermittent 
Schiotz tonometry over a period of 1 to 2 minutes. The follow- 
ing year, Schoenberg described the application of continuous 
tonometry on the human eye, recording the rate of decline in 
IOP for both normal and glaucomatous eyes. By the 1960s, 
tonography had become a routine part of the diagnostic regi- 
men for human glaucoma. Sole reliance on tonography to 
detect glaucoma should be avoided, however, because misin- 
terpretation and misdiagnosis may occur as a result of some 
overlap between the facility of aqueous outflow in normal ver- 
sus early glaucomatous eyes.”%254 Nevertheless, tonography 
remains an important, noninvasive, and repeatable clinical 
diagnostic procedure for the estimation of conventional 
aqueous humor outflow. 

The results of tonography have been reported in the rabbit, 
cat, dog, horse, and nonhuman primates.”°>-*°* It has further 
been used to compare the facility of aqueous humor outflow in 
normal and glaucomatous Beagles,’ Tonography has 
established that there is increased resistance to aqueous humor 
outflow in dogs with glaucoma.’ The technique appears 
to be very accurate when compared with the traditional, inva- 
sive, constant-pressure, and two-step perfusion techniques of 
measuring aqueous humor outflow.”°! The typical tonogram 
waveform is a gradually descending line with only slight fluc- 
tuations, which reflect pulse and respiration. The descending 
line represents decreasing IOP. The slope of the line is greater 
with normal than with glaucomatous eyes. Human tonography 
tables have been used to calculate the coefficient of aqueous 
humor outflow in the dog, cat, and horse. Using either the 
Schiotz tonograph or the pneumatonograph, the facility of 
aqueous humor outflow is 0.24 + 0.07 uL/mmHg/min to 0.297 
+ 0.149 uL/mmHg/min for the normal dog eye, 0.27 to 0.32 
uL/mmH¢g/minute for the normal cat eye, and 0.88 + 0.65 
uL/mmHg/min for the normal horse eye.?6°626 

Two types of tonographs are available: those that utilize 
indentation and those that utilize applanation to estimate 
changes in IOP.6*°°’ The Schiotz tonograph is an indentation- 
type instrument, consisting of an electronic Schiotz tonometer 
connected to a transducer. Readings are displayed on a con- 
sole. The Schiotz probe is large, covering most of the corneal 
surface, and has all the mechanical problems associated with 
this type of tonometer. Applanation tonography is performed 
with a pneumatonograph or a modified Mackay-Marg tonome- 
ter. The pneumatonograph uses a compressed air—supported, 
silicone-tipped plunger to flatten or applanate a focal area of 
the cornea, thus displaying both digital and waveform results 
in a manner similar to the Schiotz tonograph. The pneu- 
matonograph probe is smaller than the Schiotz instrument and 
is more easily maintained on the center of the cornea. 

Sedation or general anesthesia is necessary when perform- 
ing tonography because the eye must be immobile for 
2 to 4 minutes during the procedure, and most veterinary 
patients are unwilling or unable to cooperate for that long 
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without pharmacological intervention. The agents for sedation 
or anesthesia must be chosen carefully, however, because 
many drugs can cause significant changes in venous blood 
pressure, IOP, and pupil size and thereby potentially affect the 
facility of aqueous humor outflow. Gelatt described a protocol 
using acepromazine (0.5 mg/kg IV) followed 5 minutes later 
by ketamine (10 mg/kg IM),6° but the general health status 
of each individual patient must be considered carefully before 
choosing any one particular protocol. The use of halothane 
anesthesia has also been reported for patient anesthesia prior to 
pneumatonography, which may be more useful clinically.?°86 
Topical anesthetic is applied to the corneas, and if necessary to 
permit probe placement and prevent blinking, auriculopalpe- 
bral nerve blocks may be performed. Regardless of the method 
of restraint, the patient is placed in dorsal recumbency, and the 
eyelids are held open manually or with an eyelid speculum. 
The speculum should not be so tight-fitting as to put direct 
pressure on the globe, and the cornea should be kept moist to 
avoid damage to the epithelium. The contact surface of the 
tonograph probe is carefully placed against the central cornea, 
and measurements are continuously recorded for a period of 
2to 4 minutes. During this time, the contact probe should 
remain in a fixed position to minimize artifacts, which may 
result from probe movement, probe malfunction, nystagmus, 
blinking, sneezing, and hyperventilation. 

Even though this technique has tremendous potential for 
quantifying conventional or pressure-sensitive aqueous humor 
outflow and may be helpful in defining the clinical signifi- 
cance of anatomical aberrations of the ICAs as viewed with 
gonioscopy, tonography is not commonly utilized in clinical 
veterinary ophthalmology. Lack of consistency and the diffi- 
culties associated with recording data in untrained animals 
and the need for either heavy sedation or anesthesia make this 
tool most useful in the research setting. 


Anterior Chamber Paracentesis 


The aqueous humor that occupies the anterior chamber may be 
quite easily sampled for diagnostic or therapeutic pur- 
poses,°°57:138.270-273 Depending on the temperament and the 
overall health status of the patient, the procedure can be per- 
formed either with sedation and topical anesthesia or under 
short-acting general anesthesia. Some clinicians opt to do aque- 
ous paracentesis with topical anesthesia alone, but the risk of 
injuring the eye and jeopardizing vision is much higher if the 
animal is awake. The bulbar conjunctiva should be cleaned 
prior to the sampling with a dilute (5%) Betadine solution and 
then rinsed with normal saline. After the instillation of a topical 
anesthetic (it is sometimes helpful to hold a cotton-tipped appli- 
cator soaked with the topical anesthetic agent on the site of 
insertion for a moment for better anesthesia) and placement of 
an eyelid speculum, the bulbar conjunctiva is grasped with 
small forceps near the site of entry and a small needle (25 to 30 
gauge) is inserted with its bevel up in a gentle twisting, drilling 
motion through the clear cornea near the limbus or the subcon- 
junctival limbus parallel and anterior to the iris (Fig. 9.1.28). 


It is important to visualize the tip of the needle during insertion 
and centesis so as to avoid puncturing either the iris or the lens 
capsule. If a syringe is attached to the needle, a small amount 
of aqueous is aspirated. Alternatively, the aqueous that fills the 
hub of the needle may be wicked into a capillary tube. This sec- 
ond method, without the cumbersome attached syringe, offers 
the clinician greater control over the needle’s position.?”* If it is 
available, an aqueous paracentesis pipette, which consists of a 
30-gauge needle mounted on a plastic tube with a removable 
bulb on the end, may be used to collect the fluid.” The proce- 
dure is similarly performed in large animals (e.g., equines) as in 
small animals, except for the site of aspiration, which should be 
either dorsal or temporal to take advantage of the scleral exten- 
sion beyond the iris base. 

Aqueous humor centesis may be used to acquire a sample 
for microbiologic culture or cytology, especially in cases of 
infectious anterior uveitis or intraocular neoplasia. Aqueous 
may also be submitted for protein measurement, antibody titers 
(e.g., Leptospira spp, Toxoplasma gondii), or PCR analysis for 
minute quantities of DNA from infectious agents.*®?7683 
When aqueous humor antibody titer levels are compared to 
serum levels, a determination can be made as to whether or not 
there has been local antibody production against a specific 
agent. The Goldmann-Witmer coefficient or C value indicates 
local antibody production if it is greater than 1. The formula for 
the C value is [specific IgG in AqH/specific IgG in serum] x 
[total IgG in serum/total IgG in AqH].?’””*! The procedure is 
also useful for aspirating cystic lesions or vacuuming cells off 
lesions of the iris.° If IOP is elevated, aqueous paracentesis 
may be used to alleviate the hypertension, especially if the ani- 
mal is not systemically healthy enough to handle mannitol or 
glycerol. Also, paracentesis can be performed to instill drugs, 
such as tissue plasminogen activator for the dissolution of 
fibrin clots, into the anterior chamber. 1° 

While in most instances this procedure is safe, it does carry 
with it a certain amount of risk, especially if it is being per- 
formed in eyes with opaque corneas or marked iris bombé. 
Potential complications for this procedure include hyphema, 
lens capsule rupture with subsequent phacoclastic uveitis, 
endothelial damage and corneal edema, anterior uveitis, endoph- 
thalmitis, choroidal hemorrhage and edema, and glaucoma 
(secondary to the previously mentioned complications).° Protein 
levels in the aqueous humor will increase following this proce- 
dure due to the sudden hypotension experienced by the eye anda 
release of prostaglandins.””*8+?88 To prevent or dilute this 
prostaglandin release and the resultant uveitis from a diagnostic 
tap, an equal amount of normal saline or balanced salt solution 
can be injected into the anterior chamber, especially when the 
aspirated volume exceeds 0.3 mL.>!° 


Vitreous Paracentesis 


Vitreous paracentesis, also called hyalocentesis, is the aspira- 
tion of material from the vitreous chamber. This procedure, 
when properly performed and utilized, can provide a definitive 
diagnosis for posterior segment diseases or endophthalmitis. 
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Figure 9.1.28. Aqueous centesis in a dog. After cleansing with a dilute Betadine solution and the application of a topical anesthetic agent (A), an 
hypodermic needle (usually 22 gauge) is introduced through the limbus and beneath the bulbar conjunctiva into the anterior chamber (B) at such an angle 


as to avoid contact with both the iris and interior cornea. 


Samples taken from the vitreal chamber can be submitted for 
cytology, culture and sensitivity, protein measurement, specific 
antibody titers (e.g., toxoplasmosis, leptospirosis), or 
PCR.78283 Additionally, vitreous paracentesis can be per- 
formed toward therapeutic aims, such as to instill antimicrobial 
agents in the case of endophthalmitis or to instill gentamicin or 
other ocular toxic agents in the case of end-stage, medically 
refractive glaucoma. 

Vitreous paracentesis is usually performed with the patient 
under general anesthesia, or at least very heavily sedated. 
Short-acting anesthetic agents, such as propofol (6 to 8 mg/kg 
intravenously without premedication; 2 to 4 mg/kg intra- 
venously with premedication), work well for this relatively 
quick procedure.*° If the anterior segment is clear and allows 
visualization of the posterior segment, it will behoove the sur- 
geon to dilate the pupil with mydriatic agents (if they are not 
contraindicated) prior to performing the procedure to further 
improve the visualization. The globe and adnexa are prepared 
as for any other aseptic procedure with an antiseptic solution, 
such as a dilute povidone-iodine solution, and rinsed with 
0.9% sterile saline. An eyelid speculum will facilitate expo- 
sure. The globe is stabilized by grasping the lateral bulbar 
conjunctiva with forceps, and a 22-gauge hypodermic needle 
is inserted approximately 6 to 8 mm behind the limbus in the 
dog (Fig. 9.1.29).2®° The pars plana ciliaris is widest in the lat- 
eral and dorsolateral portions of the globe, so it is there that 
insertion is initiated. The needle is directed toward the center 


of the globe through the sclera and pars plana ciliaris, taking 
care to avoid penetrating the lens anteriorly or the retina pos- 
teriorly. Once the needle is situated, 0.10 to 0.3 mL of fluid are 
slowly aspirated (sometimes more in the end-stage, glauco- 
matous eye) and replaced with an equal volume of sterile 
0.9% saline unless one of the goals of the centesis is to lower 
IOP by decreasing the volume within the globe. The needle 
frequently needs to be repositioned to find areas of more 
liquefied vitreous. Aged and diseased vitreous is usually 
liquefied; therefore, aspiration is usually easy. Granulomatous 
or neoplastic material and normal vitreous, however, may 
require more aggressive aspiration and, in some cases, a 
larger-gauge hypodermic needle is necessary to remove an 
adequate sample. This procedure can also be performed under 
the operating microscope or with ultrasound guidance to 
improve the accuracy of needle placement within the vitreous 
chamber. Vitreous centesis in the horse is performed similarly, 
but because of the larger size of the equine eye, the needle is 
introduced through the conjunctiva and sclera 10 mm behind 
the limbus at the dorsal aspect of the globe.” 

Dilute cytology samples can be concentrated by ultracen- 
trifugation. Vitreous samples are frequently more reliable than 
aqueous samples for yielding infectious agents responsible for 
endophthalmitis.° The procedure is not without risk, however. 
Potential complications include choroidal or ciliary body hem- 
orrhage, hyphema, retinal tear or detachment (or both), lens 
subluxation, cataract formation, uveitis (anterior, posterior, or 
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Figure 9.1.29. Vitreous paracentesis in a dog. After cleansing with a dilute Betadine solution and the application of a topical anesthetic agent (A), an hypo- 
dermic needle (usually 22 gauge) must be inserted through the sclera behind the ciliary body (7-8 mm behind the limbus) (B) and directed in a posterior direc- 
tion to avoid contacting and traumatizing the lens. This injection should not be undertaken lightly and is performed in order to either inject an agent into the 
vitreous or obtain sample material from the vitreal chamber. With it comes risk for hemorrhage, inflammation, lenticular damage and its associated conse- 
quences, retinal detachments, and the introduction of infectious agents. 


both), and endophthalmitis (septic or otherwise). Patients may 
require postprocedural treatment with mydriatics, topical and 
systemic antibiotics, systemic or topical antiinflammatory 
agents, or some combination thereof. 
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Chapter 9 


Ophthalmic Examination 


and Diagnostics 
Part 2: Ocular Imaging 


Maria E. Källberg 


Imaging is essential in the diagnosis and clinical management 
of a wide variety of diseases involving the face, eye, orbit, and 
brain. Improvements in both imaging hardware and software 
have made possible accurate visualization of the anatomic 
detail of the eye to a degree previously available only through 
a combination of surgery, gross dissection, histopathology, 
and laboratory evaluation. The abilities to reconstruct multidi- 
mensional views of the globe and orbit and to noninvasively 
evaluate visually inaccessible areas from a variety of views 
provide imaging techniques important to the ophthalmolo- 
gist’s ability to make accurate diagnoses. They also have con- 
tributed to improved patient care. Optimal examination of the 
ocular tissues requires familiarity with the anatomy and 
pathology of the visual system as well as knowledge of the 
various imaging techniques available. 


RADIOGRAPHY 


Radiographic examination of the skull can be used to evaluate 
the animal patient with ocular or orbital disease. The skull is 
one of the most complex and specialized parts of the 
skeleton,! and there is considerable variation in normal 
anatomy both between and within species.” Radiography is 
useful in those diseases associated with bony destruction of 
the nasal cavity and orbit and in orbital fractures (Fig. 
9.2.1).!3 Plain-film and computed radiographs also demon- 
strate opacification of normally radiolucent structures, such as 
the sinus cavities and retrobulbar space.’ Soft tissue swelling 
and areas of hemorrhage can be demonstrated following ocu- 
lar trauma.* Radiographs can aid in localizing foreign bodies 
depending on the size and composition of the foreign body. 
Highly malignant primary orbital tumors. and invasive 
metastatic neoplasms may result in bony wall destruction; 
sinus or nasopharyngeal tumors may expand or erode bone 
and invade the orbit. 

The limitations of radiographs include exposure to high 
levels of ionizing radiation, superimposition of bony struc- 
tures, lack of aetiological specificity, and the inability to dif- 
ferentiate between the various intraocular structures and the 
soft tissue and fat opacities in the retrobulbar region. In a 
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study comparing magnetic resonance imaging (MRI) and 
radiography in small animals with orbital diseases, radiogra- 
phy was found to be helpful only in cases in which neoplastic 
disease extended markedly beyond the orbit into the nasal 
chamber and paranasal sinuses.> Radiographic changes other 
than soft tissue swelling were not evident in other orbital dis- 
ease processes. 

General anesthesia is recommended in the dog and cat to 
obtain precise lateral, dorsoventral, ventrodorsal, and oblique 
views of the orbit. Due to the complex nature of the skull, 
positioning of the animal is essential.! Descriptions of the nor- 
mal orbital radiographic anatomy and positioning of the dog, 
cat, and horse have been published elsewhere.®!” Aspirations, 
biopsies, and nasal or sinus lavage techniques should be per- 
formed following radiographic study of the orbital region so 
as not to introduce artifactual changes into the radiographic 
image. 


Special Radiographic Techniques 


Exophthalmos is the most important indication for zygomatic 
sialography. The zygomatic salivary gland empties lateral and 
posterior to the last upper molar tooth. The duct is cannulated, 
and a nonionic iodinated contrast medium is administered by 
retrograde infusion. 

The entire nasolacrimal drainage apparatus can be outlined 
through dacryocystorhinography.'*-'> First described in ani- 
mals in 1961, this technique has since been used to character- 
ize the anatomy and to identify obstructive lesions of the 
nasolacrimal duct in the dog, cat, horse, cow, sheep, llama, 
and rabbit.!°?3 

Dacryocystorhinography is performed with the patient 
under general anesthesia. The nasolacrimal duct is first flushed 
with 0.9% sterile saline to clear loose debris and to determine 
patency. The upper punctum (or lower punctum in the rabbit) is 
then cannulated, and radiopaque contrast material is injected 
until it emerges from the lower punctum, external nares (unless 
the duct is completely obstructed), or both (Fig. 9.2.2). In the 
dog, cat, and rabbit, 0.5 to 1.0 mL of contrast is injected; in the 
horse, cow, and llama, 3.0 to 5.0 mL of contrast is usually 
needed. Ionic or nonionic iodinated contrast agents may be 
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Figure 9.2.1. A. Traumatic corneal perforation with anterior chamber hemorrhage in a dog. B. Lateral skull radiograph with a Flieringa ring placed on the 
cornea of the traumatized eye indicates multiple metallic pellets. C. Ventrodorsal view indicates metallic foreign bodies close to the globe but does not local- 


ize them to an intraocular location. 


Figure 9.2.2. Dacryocystorhinogram of a young horse with bilateral 
nasolacrimal duct atresia. The last 4 cm of the ducts are moderately dilated 
in a blind end with fimbriated margins. Arrows indicate the blind end of the 
distal-dilated nasolacrimal duct (yellow); nasolacrimal duct within the tur- 
bates (red); and proximal-restricted nasolacrimal duct within its 
intraosseous portion (blue). 


used. Following contrast injection, lateral, dorsoventral, and 
oblique radiographs are recommended. 

Dacryocystorhinography outlines the nasolacrimal drainage 
apparatus, thereby revealing dilatation and osteolysis associ- 
ated with chronic inflammation and exposing both the site and 
extent of nasolacrimal duct obstructions. It can also reveal 
lacrimal sac dilatation and osteolysis associated with dacry- 
ocystitis, thus helping to differentiate this condition from max- 
illary sinusitis and carnassial tooth root abscesses.!7!* In 
addition, nasal neoplasms that obstruct or deviate the naso- 
lacrimal duct can be delineated with this procedure, whereas 
those that invade the nasolacrimal duct may lead to spillage of 
contrast material into the nasal cavity. Dacryocystorhinogra- 
phy can also be used to confirm the absence of a canaliculus in 
animals with congenital epiphora. 


COMPUTED TOMOGRAPHY AND 
MAGNETIC RESONANCE IMAGING 


Computed tomography (CT) has improved the diagnosis 
and management of ocular and orbital diseases. The x-ray 
tube of the CT machine sits within a gantry and emits a thin, 
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collimated, fan-shaped beam of x-rays that are attenuated as 
they pass through the tissue and are detected by an array of 
special detectors.” Within these detectors, x-ray photons 
generate electrical signals, which are converted into images. 
The CT images contain information from thin slices only 
(typically 1-3 mm in small animals, 0.4-1.0 cm in horses) 
and are thus devoid of superimposition.” Hounsfield units 
(HU) represent a scale of radiation attenuation values of tis- 
sues. The number assigned is called the Hounsfield number 
(CT number). A higher number represents greater attenua- 
tion of x-rays, indicating higher tissue density.” In this 
scale, cortical bone is assigned +1000, air is assigned —1000, 
and water zero. Other tissues are assigned numbers accord- 
ing to their density relative to these tissues. The operator can 
choose what part of the scale to assign a central color gray to 
maximize tissue contrast. The range of CT numbers repre- 
sented by the gray scale is referred to as a window or window 
width. This window represents the range of CT numbers 
above and below the window level, which is the center CT 
number (and central gray color) of the window. All of the 
tissues with CT numbers above the upper window edge 
appear white, and those below the lower edge appear black 
(Table. 9.2.1). 

Helical CT scanners have greatly reduced the imaging 
time. Instead of the tube rotating around the patient for each 
image plane or slice, the tube and detectors continuously 
rotate as the patient moves progressively through the gantry. 
Images can be reconstructed at any position within the 
scanned volume.”’ 

The anatomy of the orbit is an ideal subject for CT, though 
use of CT in this area has been somewhat upstaged by 
MRI.”*~*° The relatively dense nerves, globe, and extraocular 
muscles, which are surrounded by lucent orbital fat and 
encased in dense bone, provide a tissue of high contrasts for 
CT, which provides anatomic detail of orbital bone, soft tis- 
sue, and foreign bodies superior to that of radiography.”*! 
CT also provides much better visualization of bony orbital 
structures than does MRI.”8? CT is used in the analysis of 


Table 9.2.1 Hounsfield Numbers of Some Important Tissues and 
Orbital Structures 


Tissue Hounsfield Number (HU) l 
Air — 1000 

Fat —100 
Water 0 

CSF +5 

Optic nerve +5 to +10 
Vitreous +5 to +15 
Soft tissue +30 to +40 
Hemorrhage +70 to +80 
Calcification +100 and above 
Cortical bone +300 to +1000 
Metal >+1000 


orbital trauma, optic neuritis, orbital infection and cellulitis, 
and orbital neoplasia.”* It provides a high-contrast view of the 


_ optic nerve relative to the orbital fat and bony orbit.” Trans- 


verse images work well for survey examination; dorsal 
oblique and sagittal oblique are superior for imaging optic 
nerves and extraocular muscle in small animals.’ CT imag- 
ing of the equine skull is limited to transverse views because 
of the size of the equine skull and the limited diameter of the 
gantry.** CT of optic nerve tumors may demonstrate that the 
optic nerve is diffusely enlarged, irregularly thickened, or 
fusiform.” Calcification of optic nerve and other orbital 
tumors may be noted as well.” Elegant definition of tumor 
boundaries, appraisal of neoplastic encroachment on other 
orbital structures, and illustration of the presence and extent 
of bone involvement (i.e., none, expansion, erosion) are pos- 
sible with CT.” A case of cavernous sinus enlargement was 
detected by CT in a dog.” Evaluation of optic chiasma and 
extraorbital extensions of orbital tumors is facilitated by the 
use of contrast enhancement. It also helps with defining vas- 
cular and cystic lesions as well as optic nerve lesions, particu- 
larly meningioma and glioma.” Iodinated contrast agents 
appear bright on CT images because of increased x-ray atten- 
uation. Giant aneurysms may be distinguished from tumors 
during dynamic CT, in which rapid sequential scanning is 
performed immediately following bolus injection of contrast 
medium and time-density curves are plotted.’ 

CT can also demonstrate changes within the globe, such as 
lens luxation, globe perforation, and intravitreal hemorrhage.’ 
Congenital optic disc colobomas can be identified% and multi- 
ple intraocular and orbital foreign bodies larger than 0.5 mm 
can be accurately localized with CT (Fig. 9.2.3). 

In comparison with CT, MRI has several advantages and 
disadvantages (Table 9.2.2).*4°7 Advantages include absence 
of ionizing radiation; superior soft tissue contrast, which 
yields detailed soft tissue anatomy and highlight areas of 
pathologic findings; and direct multiplanar imaging that does 
not require changes in position of the patient or gantry. Some 
disadvantages include longer acquisition times and poorer 
spatial resolution. 

MRI represents the unstable portion of an animal’s own 
magnetic field. Nuclei with an odd number of electrically 
charged particles (protons and neutrons) are measured with 
MRI with hydrogen ('H) being the most common atom con- 
tributing to the MRI image. Nuclei with an even number pro- 
tons and neutron such as carbon (!C), oxygen (!°O), and 
calcium (*°Ca) do not line up with the magnetic field of the 
MRI. That is, tissue with high hydrogen content such as water 
and fat are imaged; regions of bone or air appear as signal 
void or black. 

Magnetic resonance images of the globe and orbit are 
obtained by placing the head within a highly uniform and 
strong, static magnetic field. The patient’s hydrogen atoms 
align themselves with the axis of the magnetic field. The 
hydrogen nuclei are stimulated with radiofrequency (RF) 
energy pulses. The energy from the RF pulses is 
absorbed by the protons, causing them to shift in their axial 
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Figure 9.2.3. A. CT scan shows increased vitreal density and exophthalmos in the affected left eye from Figure 9.2.1. B. CT scan shows “starburst” effect 


from a metallic object in the eye. 


Table 9.2.2 Comparative Characteristics of MR Imaging versus CT 


Advantages 


|. CT scans are produced with ionizing radiation, whereas MR images depend on magnetic fields and radiofrequency waves. The lack of the 
potential side effects from radiation exposure makes MR imaging the modality of choice if repeated studies are required. No serious adverse 


biologic effects of MR imaging have been reported to date. 


Il. Sectional MR images in axial, coronal, sagittal, and oblique planes can be obtained directly, without moving patients. CT scans, however, 


require additional patient positioning. 


IIl. Soft-tissue differentiation is better with MR imaging than CT because of the distinct, inherent properties, such as proton density and 
relaxation rates, of normal and pathologic tissues. Instrument parameters and use of paramagnetic contrast agents further contribute to MR 


imaging contrast sensitivity. 


IV. Artifacts caused by the high density of cortical bone on CT scans obscure the details of soft tissues surrounded by bone. Because cortical 
bone emits a low radiofrequency signal, the orbital apex, intracanalicular optic nerve, and structures in the parasellar and posterior fossa 


areas are particularly well depicted on MR images. 


V. Intravenous administration of Gd-DTPA is safer than iodinated radiographic contrast agents. 


resolution. 
Disadvantages 


signal replacing the dark signal void of the cortical bone. 


IV. MR imaging may cost more than comparable CT. 


alignment perpendicular to the magnetic field.” After 
the pulse is turned off, the stimulated protons realign longi- 
tudinally with the main magnetic field (T1 relaxation) and 
lose coherence in the perpendicular plane (T2 relaxation). 
Because hydrogen atoms are held together differently in 
each tissue, their relaxation rates differ. Rapid flow of blood 
or cerebrospinal fluid (CSF) creates a signal void‘! 
because the hydrogen-containing components of the fluid, 
present at the time for the radiofrequency pulse in the slice 
being imaged, do not remain within the slice long enough to 
encounter both the 90° and 180° pulses and therefore do not 
produce a signal. 


VI. MR imaging is the modality of choice to evaluate the central nervous system because of its multiplanar capabilities and excellent contrast 


|. Cortical bone is only indirectly delineated by MR imaging; thus, CT is the modality of choice for examination of bony details in conditions 
such as orbital fractures and tumor-induced hyperostosis. Tumor invasion of bone, however, is depicted on MR images by the bright tumor 


Il. Longer scanning times of MR imaging can lead to problems with motion artifacts. 
Ill. MR imaging is contraindicated in animals with intraocular metallic foreign bodies. 


The most-often used magnetic pulse sequence for imaging is 
the spin echo pulse sequence, which includes T1-, T2-, and pro- 
ton density (PD)—weighted images.** The magnetic pulse is ini- 
tially applied to rotate the nuclear field 90° and, after a specified 
time, a second pulse produces a 180° rotation. A delay occurs 
before the next 90° pulse, and during the delay the radiofre- 
quency waves are sampled by the coil. The time between the 90° 
pulse and detection of the radiofrequency waves by the coil is 
termed the echo time, or TE. The time lapse between each pulse 
sequence is termed the repetition time or TR. An image is con- 
sidered T1-weighted when the TR and TE are short. Tissue with 
shorter T1 times is brighter (more intense), and tissue with 
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longer T1 times is darker (less intense) (Table 9.2.3). The 
T2-weighted image is produced by a longer TR and a longer TE 
and has the best soft tissue contrast of the three sequences. Tis- 
sue with longer T2 times is brighter (more intense), and tissue 
with shorter T2 times is darker (less intense) (Table 9.2.3).4? The 
hallmark of a T1-weighted image of the orbit is the bright signal 
intensity of the orbital fat, while T2-weighted orbital MR 
images are easily recognized by a high-intensity signal from the 
vitreous.” The PD-weighted images are an intermediate- 
weighted sequence. They are the result of a long TR and short 
TE.” This sequence produces images with fair to good soft tis- 
sue contrast and spatial resolution. The signal intensity is based 
on the hydrogen ion concentration within the tissue. With fat- 
suppression techniques, Tl-weighted images demonstrate 
increased gray scale and intensity of extraocular muscles and 
lacrimal glands.** The FLAIR sequence suppresses the signal 
from selected fluids, enabling the distinction of hyperintense 
solid tissues from cystic lesions, and may differentiate between 
certain fluids. 

The intraocular structures of the dog and cat visible on PD- 
weighted, Tl-weighted, and T2-weighted MR images include 
the cornea, anterior chamber, posterior chamber, iris, lens, cil- 
iary body, choroid, retina, and sclera.>’*! The orbital structures 
of the dog and cat visible on PD-weighted, T1-weighted, and 
T2-weighted MR images include the optic nerve and chiasm, 
extraocular muscles, orbital fat, zygomatic salivary gland, 
ophthalmic artery and vein, and orbital bones.3™* 

Contrast agents, such as the paramagnetic agent gadolin- 
ium-diethylenetriamine pentaacetic acid (Gd-DTPA), will 
appear bright on Tl-weighted images because of their ability 
to shorten the relaxation time of adjacent hydrogen protons.” 
In small animals, an intravenous dose of Gd-DTPA at a rate 
0.1 mmol/kg is recommended.** An optimal dose of Gd- 
DTPA has not been reported in horses. MRI can be used to 
identify uveal and choroidal melanomas as well as chiasmal 


Table 9.2.3 The Relative Order of Signal Intensity in Ocular Tissues 2” 


and retrochiasmal neoplastic and inflammatory lesions.” 
MRI can also be used to exclude mass lesions causing optic 
neuritis and to diagnose optic nerve tumors, retrobulbar 
tumors, and vascular anomalies.>:2829354143 MRI is con- 
traindicated, however, for intraocular and orbital magnetic 
foreign bodies. Because of the large body mass of horses, 
MRI in that species has the same limitations as CT.“**5 Foals, 
however, can be evaluated with MRI (Fig. 9.2.4). 

Magnetic resonance angiography (MRA) may be accom- 
plished with MRI using one of three methods.“ Two of the 
methods, time of flight and phase contrast MRA, rely on the 
fact that flowing blood enters a tissue slice (with 2D MRA) or 
volume (with 3D MRA) after the tissue has been rendered 
signal-free, thus resulting in images with high-signal vessels 


Figure 9.2.4. T1-weighted MR image from a normal horse. Both 
intraocular and orbital contents are readily identified. 
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against a low-signal background. The third method, contrast 
enhanced or Gad-enhanced MRA, imparts vessels with a high 
signal because of the shortening effects on T1 relaxation 
caused by the gadolinium—blood mixture. 

Functional imaging studies that show physiology and meta- 
bolic function are useful for cases in which structural imaging 
might be normal.*!“ Functional MRI is based on changes in 
T2 signals caused by deoxyhemoglobin. This signal change is 
termed the blood oxygenation level-dependent mechanism. A 
local increase in neuronal activity leads to increased cerebral 
blood flow and a decrease in deoxyhemoglobin. Positron emis- 
sion tomography and single-photon emission CT both use radi- 
olabeled molecules to image metabolism, including regional 
blood flow and glucose metabolism. 


PHOTOGRAPHY 


External Photography 


Most ophthalmic lesions are easily photographed. Lesions can 
be documented to evaluate progression and response to ther- 
apy, for teaching purposes, and for publication. In addition, 
many veterinarians appreciate the value of photographs for 
consultation, discussion purposes, client relations and educa- 
tion, and professional development. 

An impressive arsenal of cameras is available for external 
photography, and the choices are often limited only by the 
operator’s level of photographic knowledge and the cost of the 
equipment.*”>! Several moderately priced cameras are avail- 
able for close-up photography, and many of these can be eas- 
ily operated by the novice. Single-lens reflex(SLR) cameras 
are better adapted for close-up photography but can be signifi- 
cantly more expensive. Single-lens reflex cameras also require 
amore extensive knowledge of photography. 

Macrolenses are useful for external, close-up photography. 
Designed with small apertures, these lenses avoid the aberra- 
tions normally inherent in close-up focusing, and they can 
provide a 1:1 reproduction ratio (i.e., image size—object size) 
from distances as close as 0.25 m. Macro-zoom lenses often 
have poorer resolution and can provide only a 1:3 or 1:4 repro- 
duction ratio. Close-up lenses can be attached to the front of 
most lenses like a filter, thereby producing images of 1/10 to 
4/5 life-size. Aberration is a significant problem with these 
lenses, however, and they should not be used with any camera 
lens having a focal length of more than 50% the focal length 
of the close-up lens. Extension tubes can be used between the 
camera body and the lens to produce images of 50% to 175% 
life-size without the aberration inherent in close-up lenses. 
Capable of producing a 1:1 reproduction ratio, these tubes 
provide excellent photographs when combined with a macro 
lens. Teleconverters can effectively double or triple the focal 
length of the primary lens, but these converters also tend to 
soften the final image. 

Electronic flashes may be top-mounted, side-mounted, 
handheld, or lens-mounted. Lens-mounted ring flashes are 
available for most macrolenses, but these tend to produce 
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horseshoe corneal reflection artifacts when the lens is 
positioned too close to the cornea. Side- or top-mounted 
flashes can create shadow artifacts when used with lens-exten- 
sion tubes. Automatic exposure systems are available as either 
a sensor in the flash unit or a built-in light meter in the camera. 
These may greatly simplify photography, but they tend to give 
inconsistent results at distances of less than 0.5 to 0.7 m. 
External photography units complete with strobe flash are 
available for ophthalmic use (e.g., Nikon and Yashica eye 
cameras). The camera-mounted flash, especially when using a 
single-lens reflex (SLR) camera, enables the photographer to 
adequately illuminate the subject even when the object being 
photographed cannot be seen. This is especially useful when 
photographing internal structures of the eye (e.g., lens luxa- 
tion, synechiae, cataracts). The photographer need only to 
ensure that the corneal surface is in focus and the flash illumi- 
nates the internal structures. 

Several cameras are available for digital imaging of the 
ocular adnexa and anterior segment. Several features unique 
to the digital camera affect the camera use.’ The camera’s 
buttons, features, and display should be easy to use and under- 
stand. Transferring data should be simple and straightforward. 
Removable storage disks or storage in addition to the internal 
memory increases the number of images that can be taken and 
decreases the transfer time to a computer. SLR digital cameras 
allow the user to see the subject through the same lens that 
will capture the image, and these cameras therefore offer an 
excellent preview capability. Viewfinders are offset from the 
camera’s lens and do not provide a perfect preview of the final 
image. Liquid crystal display (LCD) screens can display the 
image as seen through the camera’s lens, but the refresh rate of 
the monitor has to be fast to avoid misaligned photographs. A 
fast capture time (the time between depressing the shutter but- 
ton and capturing the image) is important for the captured 
image to resemble the intended image. Correct alignment with 
what you see and what is ultimately captured is facilitated by 
an SLR camera or an LCD monitor that is fast, a camera that 
has macro-flash capability, and a macrolens. Digital cameras 
have a unique feature called digital zoom—a digital enlarge- 
ment of the image. This feature is not an optical zoom (i.e., 
generated from the lens), and therefore the image will not be 
as crisp as an optical close-up photo. 

Other important features are waiting time for file writing, 
focal range, and ability to delete photos.°? The main differ- 
ences between the quality of images produced by four differ- 
ent digital cameras imaging the ocular adnexa and anterior 
segment in small animals were related to the inherent camera 
resolution, the ease and speed of achieving focus, and the 
effect of flash illumination and artifacts on the image.* 
Higher resolution SLR cameras with ring-flash options 
provided the best quality images. 

Two major considerations with digital imaging are the reso- 
lution needed to image the object of interest and the compres- 
sion that can be utilized to minimize the space needed to store 
the image." Resolution is the ability to distinguish between two 
adjacent points. Image compression is a technique to reduce file 
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size by removing redundant information. In some compression 
methods, such as TIFF (tagged image file format), the full infor- 
mation can be retrieved, but in others, such as JPEG (Joint Pho- 
tographic Experts Group), the information is permanently 
deleted. If all images are taken at maximum quality, storage and 
archiving can become an issue. A camera that lets you choose 
the compression ratios will give you the greatest flexibility in 
either preserving disk space or maintaining high photo quality. 
Subjective grading of anterior eye images taken by four digital 
cameras attached to a slitlamp, stored as TIFF files, and then 
compressed to various sizes showed that it is appropriate to 
store images at between 1280 x 811 and 767 x 569 pixel resolu- 
tion and at up to 1:70 JPEG compression.>> 


Fundus Photography 


Fundus photography has proved to be invaluable in the docu- 
mentation of posterior segment diseases among animals, thus 
contributing significantly to the advancement of veterinary oph- 
thalmology. Additional uses of the fundus camera, particularly 
the handheld models, include photography of the iridocorneal 
angle and ciliary cleft, iris, posterior chamber, lens, and vitreous. 

In 1899, Dimmer presented human fundic photographs to 
the Ninth International Congress of Ophthalmology. Twenty- 
three years later, Nordenson presented his compact, table-top 
fundic camera, which was subsequently marketed in 1926.56 
Fundus photography in animals was first reported by Leonardi 
in 1930, and Huber later used the Nordenson camera to photo- 
graph the canine fundus in 1937. In 1947, Saurer published 
photographs of the canine, bovine, and caprine fundi, noting the 
need for mydriasis.” Catcott used a modified Nordenson cam- 
era and color film to photograph the canine fundus in 1952,56 
and Luginbuhl published color photographs of canine and 
feline fundi in 1958.58 In 1964, Donovan and Wyman described 
fundus photography in the cat and dog using the Noyori 
portable fundus camera. In 1968, Barnett published color 
photographs of both normal and abnormal fundi in fully con- 
scious dogs using the Zeiss, OPL, and Krahn fundus cameras. 

Both table-mounted and handheld fundus cameras are 
available. Table-mounted cameras take excellent photographs, 
but they are useful only in tranquilized or anesthetized small 
animals.®! Different models are manufactured by Canon, 
Kowa, Topcon, and Zeiss. Handheld models are more fre- 
quently used in veterinary ophthalmology; they are portable, 
less expensive than table-mounted models, and relatively easy 
to use. Examples of handheld models include the Kowa RC-1, 
RC-2, RC-3 (only available as used models) and the Genesis 
model. The Kowa Genesis features several improvements over 
earlier models (Fig. 9.2.5). It is less bulky than the RC-2 and 
RC-3 models, and it easily fits the hand. Focus is adjusted by 
pressing an electronic switch located where the index finger 
rests, and a foot pedal is provided as an alternative to digitally 
triggering the shutter. Film advancement and rewinding are 
motorized. Primarily because of cost, however, the older 
Kowa RC-2 and RC-3 models remain the most commonly 
used handheld fundus cameras in veterinary ophthalmology 
throughout the United States. Consisting of a 35-mm camera, 


Figure 9.2.5. The Kowa Genesis fundus camera. 


base power unit, and flash strobe, these cameras can be 
adapted with a larger power unit, motorized 35-mm film base 
for fluorescein angiography, stereo prism, and Polaroid film 
back. Focus is adjusted from —20 to +20 D with the camera’s 
eyepiece, and a variable-intensity, 12-V, 10-W light illumi- 
nates the patient’s fundus. Fundus magnification varies with 
the patient, averaging X19 at 0-D focus and X38 with the X2 
adjustment. The strobe flash lasts 1/750 second, and the flash 
intensity is adjusted from 50 to 100 W/sec in increments of 10 
W/sec. With use, the strobe flash gradually reduces in inten- 
sity, thus necessitating adjustments in the flash-intensity set- 
tings and, eventually, strobe replacement. Each camera flash 
strobe tends to have its own identity as well, so exposure 
tables should be used only as a guide (Table 9.2.4). 

Direct digital acquisition of images using an electronic 
camera offers several advantages over conventional photogra- 
phy. These images can be easily analyzed, enhanced, archived, 
and transferred electronically. Digital table-mounted cameras 
are manufactured by various companies such as Canon, Kowa, 
Topcon, Optos, CMT Medical Technologies, and Zeiss. The 
field angles range from 20° to 200°, and the light source is 
either white light or multifrequency laser light (532 nm and 
633 nm). Digital fundus images have been shown to be supe- 
rior to film-based images.” Important features to test for in the 
charge-coupled device (CCD) image sensor in electronic cam- 
eras are resolution, light sensitivity, linearity, and the response 
to fast changes in light sensitivity (step response).° 

Digital handheld fundus cameras have been developed. The 
Nidek camera (Model NM-200D, Nidek Inc., Fremont, CA) pro- 
vides high-resolution 30° images with a digital progressive-scan 


Table 9.2.4 Exposure Guidelines for the Flash Strobe of the RC-2 
Kowa Fundus Cameras for Different Species of Animals 


External Eye/ Fundus/Strobe 
Strobe Intensity Intensity 
Animal Species ISO25 ISO 64 ISO 25 ISO 64 
Dog TE 4-5 2-3T 1-2T° 
3-4TR 3-4NT = 2NT® 
Cat 7 4 1=2T We 
3TR 2-3NT 2NT®° 
Horse 7E 4-5 3-4 T dal 
3-4TR 4NT 1-2 NT 
Cow TE 4-5 3—4 T 1T 
3-4TR 4NT 2NT 
Sheep TA 4-5 3—4 NT 1T 
3-4TR 4NT 2NT 
Swine (2 4-5 6-7 2-3 
Nonhuman primate 72 4-5 6-7 3 
Albino rabbit 6-7 34 3-4 1 
Pigmented rabbit TE 4-5 6-7 3 


NT, nontapetal fundus; T, tapetal fundus; TR, tapetal reflex. 
aMay be slightly underexposed. 
Using a 50% neutral-density filter. 


CCD camera. The working distance from camera to cornea is 8 
mm and the required pupil diameter is 4 mm. Photographed 
images are displayed on a monitor in color and can be saved in a 
TIFF format. The system was reported to be easy to use on 
dogs.“ The Kowa Genesis-D is a lightweight (1070 g) digital 
handheld fundus camera that looks and works more like the RC-2 
(Fig. 9.2.6). Focus is adjusted by turning a wheel with the index 
finger, and the shutter is triggered by the thumb as with the RC-2. 
The images are displayed on a 6.4-cm LCD monitor and can be 
saved on a compact flash card in JPG or BMP format. The 30° 
horizontal and 25° vertical field-of-view can be increased by the 
use of a +28 D aspheric lens in a lens holder that is mounted on 
the front of the camera. 

Another digital handheld device, introduced in 1997, is the 
RetCam II (Massie Laboratories, CA), which by the use of 
various lenses (130°, 120°, 80°, and 30° field-of-view, and 
portrait) can visualize the fundus, anterior segment, and 
adnexa. The imaging probe fits on the cornea interfaced with 
an ophthalmic gel similar to an ultrasound probe. The RetCam 
has an instant digital video clip capture (up to 20 seconds of 
real-time video) and instant digital image capture. The image 
is displayed on a monitor and can be printed by an inkjet color 
printer or a dye sublimation color printer or saved in a 
standard bitmap format. The RetCam also has fluorescein 
angiography as an optional feature. 

The pupils are dilated with 1% tropicamide (1% atropine in 
the rat), and the eyelids are held open manually by the exam- 
iner. In the sedated or anesthetized animal, an eyelid speculum 
may be preferred; under these conditions, the cornea must be 
intermittently moistened to maintain its transparency and to 
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prevent injury. The fundus camera is positioned within 1 cm of 
the cornea, and the photographs are taken. If the camera is too 
close to the eye, accidental contact may induce globe retraction 
and nictitans protrusion. If the camera is too far from the eye, 
corneal reflectivity may produce flash artifacts. In addition, if 
the camera is not centered on the pupil, part of the photograph 
will be black (from the obstructing iris). Nictitans protrusion 
may be overcome by coaxing the conscious patient. In sedated 
or anesthetized patients, the nictitans may be retracted by an 
assistant using a moist, cotton-tipped applicator. 

DiLoreto and colleagues described a new method of fundus 
photography in small laboratory animals.® A 2.2 Volk Panreti- 
nal lens is held in apposition to a Topcon TRC SOFT fundus 
camera lens via a home-made metal sleeve. This procedure is 
reported to improve definition and to increase the field of 
observation in small laboratory animal fundus photography. It 
remains to be seen, however, whether a similar adaptation will 
work for handheld models. 

Unlike the static images created by fundus photography, 
fundus videography creates continuous, dynamic images that 
can be replayed immediately after recording. Fundus videog- 
raphy is particularly useful in fluorescein angiography, allow- 
ing real-time analysis of the phases of vascular filling. 

A scanning digital video ophthalmoscope (Fig. 9.2.7) has 
been developed by WILD Medtec GmbH (Wien, Austria). The 
Scanning-Video-Ophthalmoscope unites the advantages of 
classical indirect ophthalmoscopy with those of the scanning 
laser ophthalmoscope. A strip of the retina is illuminated by 
the insertion of a slit-aperture into the illumination beam path. 
A second slit-aperture in front of the picture level in the obser- 
vation beam path is arranged so that only a part of the reflect- 
ing light at the retina is let through, suppressing, as the 
confocal aperture of the SLO, the unwanted reflexes. The slit- 
apertures are mechanically coupled and oscillate together in a 
time synchronized fashion so that the retina is scanned 
sequentially by a beam of light. The WILD camera works with 
real-time capture and video tracking enabling optimal image 
choice. The image is captured as a single picture, picture- 
sequence, or video sequence (Fig. 9.2.8). For documentation 
of the fundus, it has a 25°, a 50°, and a 50° field-angle objec- 
tive lens with a central ring to determine cup-disk ratio. Wide 
angle image capture is possible with a Volk lens. Sectional 
image capture of the anterior eye segment is possible using 
slitlamp illumination. It is available with a color camera as 
well as an integrated black-and-white camera (the latter in the 
fluorescein angiography version). Fluorescein angiography 
can be captured in real time, in sequence, or as single images. 
Handheld use and mobile operation using a laptop is possible. 


Retinal Imaging 


Confocal Scanning Laser 
Ophthalmoscopy/Tomography 


To attain a perfectly sharp representation of a single spot in a 
specimen, one would ideally collect only the light reflected 
directly from the plane of the specimen. In standard light 
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Figure 9.2.6. The Kowa Genesis-D fundus camera. A. Camera and base. B. Fundus photography in a dog. 


Figure 9.2.7. The WILD Scanning-Video-Ophthalmoscope. 


microscopy, however, material both above and below the plane 
of the specimen also returns light, which results in blurring of 
the image. Light scattering, which arises when light randomly 
strikes minute particles in a specimen and then rebounds into 
other particles before reaching a detecting surface, also reduces 
image contrast. Confocal scanning microscopes minimize blur- 
ring and enhance contrast by illuminating only focal spots of 
tissue at selected depths of the specimen; this is accomplished 
by using a pinhole aperture to filter out the signals arising from 
the tissues above and below the brightly illuminated spot and 
rapidly scanning the specimen in a raster pattern to ensure that 
every spot in the desired plane is examined. Reflections from 


out-of-focus planes and scattered light do not come into focus at 
the aperture and are suppressed. 

The confocal scanning laser ophthalmoscope (CSLO) has 
been developed for the diagnosis and monitoring of optic nerve 
head (ONH) changes in human glaucoma. It provides true, 
three-dimensional optical sections of the ONH.%? Confocal 
optics assure that only a thin “slice” of optic nerve tissue is in 
focus on the image plane; thus, high-resolution tomographic 
optic nerve images are obtained. The ability to detect small 
changes in optic disc topography may be important for detecting 
damage and monitoring change in glaucoma. The lateral and 
axial resolutions with CSLO are 20 and 300 um, respectively. 

The Rodenstock CSLO (Rodenstock Instruments; Danbury, 
CT) obtains each focal plane image, in 1/30 second, as a 
525-horizontal-line analog video signal.” A helium-neon or 
argon laser is used to obtain real-time images, which are stored 
on a videocassette recorder. Layered viewing of the retina as 
well as viewing of deeper, scatter-sensitive tissue are possible. 
The Rodenstock CSLO has obtained incredible in vivo images 
of the photoreceptor layer and retinal blood flow of the opti- 
cally powerful, small eyes of snakes with retinal damage.’°7! 
These images correlate with measures of histopathologic reti- 
nal sections in this species. 

The Heidelberg Retinal Tomograph (HRT) (Heidelberg 
Engineering; Heidelberg, Germany) is a scanning laser tomo- 
graph that produces three-dimensional images of optic disc 
topography.°’”’3 The HRT uses a diode laser beam (670 nm) 
that is projected onto the retina with a confocal system.°*:”? The 
instrument automatically performs 32 evenly spaced, consecu- 
tive, 256 X 256 measuring points, two-dimensional tomo- 
graphic scans perpendicular to the optic axis (i.e., z-axis) in 1.6 
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Figure 9.2.8. Images of human fundus, anterior segment, and fluorescein with the WILD Scanning-Video-Ophthalmoscope. 


seconds over a section of ONH varying between 0.5- and 4.0- 
mm deep. The sum of the reflectance values along the z-axis for 
each aligned pixel is used to generate a reflectivity image, and 
the location along the z-axis at which the maximum reflectance 
occurred is used to generate a topographic image.” The inte- 
grated computer constructs a single mean topographic image in 
three dimensions (i.e., x, y, and z) from the 32 topographic sec- 
tion images using a preset reference plane located 50 um below 
the retinal surface temporal to the optic disk. The margin of the 
ONH must be defined by the operator for determination of 
three-dimensional measures. Optic nerve topographic indices 
such as optic disc area, optic cup area, cup-to-disc area ratio, 
cup shape and depth, neuroretinal rim area and volume, retinal 
height, and mean retinal nerve fiber layer (NFL) thickness are 
readily obtained from reproducible and accurate tomographic 
images.” Mean values as determined with the HRT in the nor- 
mal adult cat at a mean IOP of 17.2 mmHg are 1.31 + 0.47 mm? 
for disc area, 0.68 + 0.28 mm? for cup area, 0.52 + 0.14 for cup- 
to-disc area ratio, 0.14 + 0.04 mm for cup depth, 0.35 + 0.11 
mm for maximum cup depth, and 0.08 + 0.04 mm for mean reti- 
nal thickness (Fig. 9.2.9). The temporal NFL, rim area, and 
rim volume are less than the nasal areas of the optic nerve head 
of rhesus monkeys.” The cSLO (I + Tech CSLO, Clermont- 
Ferrand, France) was used to generate excellent images of the 
fundi of dogs, monkeys, and minipigs.’° Heidelberg Engineer- 
ing has recently developed a second-generation HRT machine 
(HRT ID.” This device is essentially a small, lightweight, 
portable, and automated version of the original HRT 
(Fig. 9.2.10). The transverse field is fixed to 15 x 15 degrees 
with a 384 x 384 measuring point grid in each of the scanned 
planes. The number of scanned planes ranges from 16 to 
64 depending on the optic disk depth. This version uses an 
internal fixation target and automatically acquires three 
consecutive series of scans, shortening the duration of the 
image scans.”* The cSLO is probably appropriate for scanning 
the optic nerve head only. The physical limitations of axial 
resolution for cSLO preclude useful quantitative thickness 
measurements of the retina and the NFL. 


Nerve Fiber Analyzer 


A reduction in thickness of the NFL caused by retinal ganglion 
cell death may precede visual-field loss in glaucoma." Because 


these axons are readily evident and less compacted in the NFL 
than in the ONH, quantification of NFL thickness has been 
investigated as a means of detecting and following glaucoma- 
tous damage. The nerve fiber analyzers, Gdx variable corneal 
compensator (VCC) (Laser Diagnostic Technologies; San 
Diego, CA) and Retina Thickness Analyzer (RTA) II (Talia 
Technology Ltd., Lod, Israel) are scanning laser polarimeters 
that use form birefringence to measure NFL thickness.°” The 
arrangement of microtubules in retinal ganglion cell axons 
within the NFL changes the polarization of near-infrared diode 
laser light (780 nm) passing through it. The amount of change 
in the polarization (i.e., phase shift) is called retardation and is 
linearly correlated with NFL thickness.°’”? The RTA operates 
on the assumptions that the NFL is the main source of retinal 
birefringence, that most of the light is reflected from the outer 
retina and double passes the full NFL thickness, and that NFL 
birefringence is homogeneous. The lens and cornea may also 
demonstrate form birefringence independent of the NFL.°”* 
The VCC has increased the diagnostic accuracy of scanning 
laser polarimetry by better elimination of the portion of the sig- 
nal resulting from anterior segment birefringence for an indi- 
vidual eye compared to the fixed comeal compensation in older 
models. The in vitro resolution of the NFA is 13 um.°"* HRT 
and GDx are both able to measure peripapillary NFL but use 
different methods and locations for their measurements. The 
HRT assesses NFL on the outer edge of the optic nerve head 
using a reference plane; the GDx assesses NFL around the optic 
disk from 1.1 to 2.5 disk diameters. A study comparing these 
two techniques showed significantly higher variability in NFL 
measurements acquired with the HRT than with the GDx.*° 
Table 9.2.5 shows comparisons of Optical Coherence Tomogra- 
phy, Retina Thickness Analyzer, and Confocal Scanning Laser 
Ophthalmoscope. 


Optical Coherence Tomography 


Optical coherence tomography (OCT) is an imaging technol- 
ogy that can obtain micron-resolution cross-sectional or 
tomographic images of the eye.°’®* OCT is analogous to 
A-mode ultrasonography except that optical or light tissue 
reflectivity rather than acoustic tissue reflectivity is used. 
Optical imaging techniques function by measuring the time 
delay when light is reflected from various intraocular 
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Figure 9.2.9. A. Normal fundus photograph obtained in a normal cat. B. Scanning laser image obtained with the Heidelberg Retinal Tomograph (HRT) in 
a normal cat. C. Topographic image obtained with the HRT in a normal cat. D. Pixel-intensity image obtained with the HRT in the same cat. Blue and green 
indicate more superficial areas of the ONH; orange indicates the deeper portion of the optic cup. 


Table 9.2.5 Resolutions at the Z-Axis (Axial) and X- and Y-Axis 
(Lateral or Transverse) of Various Ophthalmic Imaging Techniques 


Imaging Axial Resolution Lateral Resolution 
Method (um) (um) 

OCT 10-20 20-50 
Ultrasonography 200 500-600 

UBM 20-50 

NFA 13 20 
HRT/CSLO 300 20 


Data from Schuman JS, Noecker RJ. Imaging of the optic nerve 
head and nerve fiber layer in glaucoma. Ophthalmol Clin North 
AM 1995; 8: 259-279; and Schuman JS. Imaging of the optic 
nerve head and nerve fiber layer in glaucoma. In: Epstein DL, 
Allingham RR, Schuman JS, eds. Chandler and Grant's 
glaucoma, 4th ed. Baltimore: Williams & Wilkins, 1997: 104-119. 


structures, and these techniques have higher spatial resolution 


Figure 9.2.10. The Heidelberg Retinal Tomograph II is a confocal scan- than ultrasound (10-20 um versus 150 m).°7%8! OCT uses 
ning ophthalmoscope used to evaluate ONH topography. short pulses (107! seconds) of coherent (i.e., same phase) 


light to perform high-resolution measurements and imaging 
of the ocular microanatomy. An optical beam from a diode 
laser (830 nm) is directed onto a 50/50 beam splitter, which 
splits the light such that one beam is directed into the eye and 
is reflected from intraocular structures of varying depths (i.e., 
z-axis) and the second beam is reflected from a reference mir- 
ror of known spatial positions. A confocal fiberoptic interfer- 
ometer measures the time delays of optical tissue echoes of 
different intraocular structures by comparing the reflected 
light beam with the reference beam. When two light pulses of 
the same coherence length coincide, they produce a phenome- 
non known as constructive interference, which can be meas- 
ured by a photodetector. For all practical purposes, the OCT 
signal may be considered to be composed of light that has 
undergone a single backscattering event at the tissue layer of 
interest. The OCT signal from a particular tissue layer is a 
combination of its reflectivity and the absorption and scatter- 
ing properties of the overlying layers.°7%! 

Tomographic or cross-sectional imaging of ocular tissues is 
achieved by performing rapid, successive, axial or longitudinal 
scans of the eye while scanning the optical beam in the transverse 
direction. A single OCT scan is similar to one-dimensional, 
A-scan ultrasonography. It requires 0.7 seconds to acquire a com- 
plete axial scan series of 512 scans, which provide a cross- 
sectional map of the reflection and backscatter of the ocular 
tissue. Images may be displayed in logarithmic gray scale or in 
pseudocolor. White or red represent thick regions, and dark gray 
or black-blue represent thin areas.°788!82 Axial resolution (i.e., 
Z-axis) 1s determined by the light-source pulse duration and is 
around 10 um. Transverse resolution (i.e., x-and y-axes) is deter- 
mined by the size of the focused beam, limited by the pupillary 
aperture, and is typically 10 to 50 um. 

The NFL, retinal pigment epithelium (RPE), and chorio- 
capillaris are highly backscattering, and they appear red in 
pseudocolor.*! Intermediate reflectivity is observed for the 
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yellow outer and inner plexiform layers, both of which are 
more reflective than the outer and inner nuclear layers. The 
photoreceptor layer exhibits minimal reflectivity and appears 
dark blue. Retinal blood vessels are identified by their 
increased reflectivity and by their shadowing of reflections 
from the RPE and choriocapillaris. Larger choroidal vessels 
appear as dark spaces.6768-81 

Macular holes, retinal vessel occlusion, diabetic retinopathy, 
chorioretinitis, age-related macular degeneration, and retinal 
degeneration have all been evaluated by OCT in humans.®! 
Thickness of the NFL as measured with OCT was thin and 
correlated with visual-field defects in humans with glau- 
coma.6”83 OCT can also be used to accurately image the cornea, 
iridocorneal angle, lens, and anterior segment.*! 

Most tissue layers of the retina and optic nerve, including 
the NFL, inner nuclear layer, photoreceptor layer, RPE, optic 
cup, and choriocapillaris, can be imaged in the dog** and rab- 
bit (Fig. 9.2.11). The ventral rim of the ONH in the dog is 
thicker than the dorsal rim. Tilting of the disc is found in Bea- 
gles with primary open-angle glaucoma in advanced stages, 
with anterior movement of the lamina cribrosa being noted in 
Beagles with early glaucoma. NFL thickness near the ONH in 
both normal Beagles and Beagles with early glaucoma was 
278 to 361 um, with Beagles suffering from advanced glau- 
coma having an NFL thickness of 161 + 35 um. Histopatho- 
logic measurement of mean canine NFL thickness was 242 + 
58 um in normal dogs and 90 + 59 um in glaucomatous dogs. 
Cup depth as measured by OCT in normal Beagles averaged 
300 um, compared with 100 to 200 um in Beagles with early 
glaucoma.*4 

Ultrahigh-resolution OCT research scanners with an ultra- 
broad spectral bandwidth centered at about 800 nm and an 
axial resolution of 2 to 3 um have been developed. This 
enhanced resolution enables the visualization and detection of 
numerous retinal layers, including the retinal ganglion cell 


BEAGLE Optical Disk Vertical Section 
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Figure 9.2.11. A. Normal fundus appearance of a young Beagle dog. B. Vertical OCT image of the same dog. The optic cup depth is 305 um. Scan is from 
dorsal to ventral (i.e., left to right). The dorsal rim of the optic nerve head is more anterior than the ventral rim in this dog. The red linear region on the right is 
deep retinal backscatter by the dark circular region. (Courtesy of WW Dawson and A Sergeev.) 
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layer.”**5 The 800 nm wavelength employed for retinal 
scanning is close to visible wavelengths and cannot directly 
visualize angle structures owing to scattering loss through the 
limbus. High-speed OCT prototypes have been developed 
using a longer wavelength of 1300 nm, which decreases scat- 
tering through turbid tissues and allows visualization of angle 
structures.’**°87 The scan width was 4 to 15 mm and scan 
depths 3.25 to 6 mm. Eight image frames were acquired and 
displayed per second in real time, each with 500 axial scans. 
The axial resolution was 14 um full-width-half-maximum in 
cornea. An ultrahigh-resolution OCT system with a spatial 
resolution of 1.3 um was used to image the corneal layers of 
New Zealand rabbits.** The epithelial thickness centrally was 
45.8 um + 2.2 um and 37.6 + 1.4 um at the limbus. 


CORNEAL IMAGING 


Pachymetry and Specular Microscopy 


Central Corneal Thickness (CCT) is a sensitive indicator of 
the state of deturgescence of the cornea and a wide range of 
disorders that may affect the anterior segment in general or the 
cornea in particular. Optical pachymeter, optical slitlamp, 
ultrasound, and specular microscopy pachymetry are used to 
measure corneal thickness. Measurements can be obtained 
after reflection of light or ultrasound from the anterior and 
posterior surface of the cornea. Other instruments developed 
for the determination of corneal thickness include optical 
coherence tomography, confocal microscopy, and ultrasonic 
biomicroscopy. Scanning-slit topography/pachymetry, and 
noncontact specular microscopy have been introduced to eval- 
uate corneal status and to determine thickness. Corneal opti- 
cal pachymetry is the measurement of the thickness of the 
optical cross-section of the cornea viewed in a slitlamp. The 
slitlamp, using oblique illumination, observes an oblique slice 
of cornea. The apparent thickness is a physical measurement 
made by moving an optical marker from the front to the back 
of the cornea. The scanning-slit corneal topography/pachyme- 
try system (e.g., Orbscan II, Orbtek, Bausch and Lomb Surgi- 
cal) scans the cornea from limbus to limbus, capturing 40 
independent images, acquiring up to 240 points per slit. It is 
used to assess anterior and posterior corneal curvature, surface 
regularity, and thickness in different disorders. 

Ultrasound pachymetry uses a pulse of ultrasonic energy 
that is sent toward the cornea, and the returning echoes are 
detected. The time between these returning echoes is measured 
and multiplied by the speed of sound in the cornea (1,636 m/s) 
to give the corneal thickness. The first-generation digital 
pachymeters used a free-running 50 MHz clock as a “ruler” to 
convert time between echoes into corneal thickness. This 
method gives a basic resolution of a single measurement of 33 
microns. Resolution can be increased by increasing the fre- 
quency of the probe or by using an analog instead of a digital 
technology. 

Specular microscopy evaluates endothelial morphology 
but is also reliable in measuring corneal thickness. It uses 


near-infrared light that is projected as an angled split beam 
onto the cornea, and the light reflected by the anterior and 
posterior layers of the cornea is detected by a line sensor. 
CCT is calculated by measuring the distance interval 
between the anterior and posterior reflection images on the 
line sensor. There are two types of specular microscopes: 
contact and noncontact. Both microscopes can be used inter- 
changeably to evaluate endothelial cell morphology and den- 
sity. The pachymetry differences may derive from their 
slightly distinct image-grabbing principles. During contact 
specular microscopy, the ocular surface is indented with a 
3.0 mm diameter cone with the possibility of generating 
excessive corneal tissue for measurement. In contrast, non- 
contact specular images are affected by the anterior corneal 
refractive power and the variation in air—corneal refractive 
indices. 


Confocal Biomicroscope 


The confocal biomicroscope works according to the same 
principle as described for the confocal scanning laser 
ophthalmoscope/tomography in which light from the illumi- 
nation source passes through a pinhole aperture and is 
focused at a spot within the specimen by an objective lens. 
Light reflected back from the specimen is then focused at the 
detector by passage through a pinhole aperture, whereas out- 
of-focus light is blocked. By changing the position of the 
focal plane, it is possible to obtain images at different depths 
of the specimen. Scanning of all the pinpoint images then 
provides sectional views of the specimen in a single plane. 
An alternative to point scanning uses a slit of illumination 
that is scanned over the back focal plane of the microscope 
objective.”! The clinical utility of noncontact specular 
microscopy and that of confocal microscopy are similar for 
examination of the normal transparent cornea, but confocal 
biomicroscopy appears superior to noncontact specular 
microscopy for evaluation of the endothelium of the diseased 
cornea.” 

A further development of the confocal microscopy is the 
confocal laser microscopy (HRT II + Rostock Cornea Mod- 
ule, Heidelberg Engineering, Inc, Vista, CA), which uses a 
diode laser of 670 nm wavelength as its light source. This 
instrument can be used for pachymetry as well as imaging of 
the corneal layers and conjunctiva (Fig. 9.2.12). 

Several studies have compared measurements of corneal 
thickness obtained with various instruments.” Optical 
methods including slitlamp and specular microscopy are 
widely used for corneal pachymetry but provide less measure- 
ment reproducibility than ultrasonic measurements.’ Because 
optical pachymetry is dependent on measurements of 
reflected light beams through the corneal tissue, when the 
corneal medium is not clear or has optical interfaces, the path- 
ways of light rays may be interrupted, affecting the measure- 
ments.” There are several advantages and disadvantages of 
the different instruments. The most important is to use one 
specific instrument for long-term patient follow-up because 
they cannot simply be used interchangeably. 


62 wm: nerve plexus 


100 um: ant. stroma 
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300 um: post. stroma 


572 um: endothelium 


Figure 9.2.12. Specular microscopy of the human cornea with the HRT II + Rostock Cornea Module, Heidelberg Engineering. Depth of focus indicated in um. 


Numerous studies have been done to determine corneal 
thickness and corneal endothelial cell density in various 
species (Tables 9.2.6 and 9.2.7).°’!!° Postnatal development 
and age-related changes of endothelial cells and corneal thick- 
ness have been studied in cats, dogs, and chicks.!!!“!!° Follow- 
ing eyelid opening in dogs, there is an initial decrease in CCT 
until approximately 6 weeks of age.''4 There is a similar 
decrease in CCT in chicks until approximately 12 days of 
age.'!® Following the postnatal period, CCT increases with 
age in the dog, cat, and chick, while there is a discrepancy in 
the results for horses. !°3:!°5!0 The density of corneal endothe- 
lial cells decreases with age in dogs, horses, cats, and lla- 
mas, !01,103,112,115,117 

Differences in corneal endothelial repair after endothelial 
wounding have been shown, with the young adult dog, rabbit, 
and rat having a marked regenerative potential, while the cat 
and humans showing very poor regenerative capabili- 
ties.118-124 Specular microscopy has shown that the endothe- 
lium of induced diabetic dogs shows differences in cell 
morphology.!?!26 A decrease in endothelial cell density has 
been shown after phacoemulsification and extracapsular lens 
removal in dogs,'”’ after injection of air in the anterior cham- 
ber of cats,!?® and by tissue plasminogen activator injection in 
the anterior chamber in dogs.'”? Rhesus macaques with laser- 
induced ocular hypertension also have a significant loss of 
endothelial cells in the central cornea.!” No effect on 
endothelial cell density was shown by intracameral injections 
of viscoelastic solutions in dogs!” or irrigation of the anterior 


chamber in dogs with saline, balanced-salt solution, and bal- 
anced-salt solution with glutathione. !?! 


BLOOD FLOW ASSESSMENT 


Fluorescein Angiography 


Fluorescein angiography has been used experimentally since 
1957, when Chao and Flocks first described the use of several 
intravenous dyes to study retinal circulation times in the cat. 
In 1972, serial fluorescein photography was described in the 
pigmented rabbit by Harris and colleagues.'** The following 
year, Bellhorn!*? described fluorescein angiography in labora- 
tory animals. Gelatt and coworkers compared restraint, film 
types, and fluorescein doses for fluorescein angiography in the 
dog in 1976, and Peruccio described fluorescein angiography 
in the cat in 1982.'%!55 Fluorescein angiography has since 
been used both clinically and experimentally to characterize 
normal and abnormal vascular conditions of the human and 
animal fundus.'**!%° This method has also been adapted to 
evaluate the iris vasculature in both humans and animals. 14014 

Sodium fluorescein is a weak acid that maximally fluo- 
resces in response to light at a wavelength of 485 nm, emitting 
light with a peak wavelength of 530 nm. In blood, 60% to 80% 
of fluorescein is protein-bound, mainly to albumin, thus limit- 
ing the amount of free fluorescein available for excitation. The 
absorption and emission spectra of the dye are altered in 
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Table 9.2.6 Mean Corneal Thickness in jzm+ SD in Adult Animals 


Species 


Methods 


Dog Ref 109 


Dog Ref 104 
Dog Ref 115 


Cat Ref 102 
Cat Ref 97 

Cat Ref 98 
Rabbit Ref 100 


Rabbit Ref 99 
Rabbit Ref 108 


Horse Mini Ref 106 


Horse Euthanized 
5 sites measured Ref 103 


Horse Rocky Mountain Ref 105 
Rat Ref 100 


Mouse Ref 100 


Llama Ref 101 
Alpaca Ref 101 
AChick ref 116 
Rhesus macaques Ref 107 


Endothelial specular microscope 
with pachometer a) 


Ultrasonic pachymetry b) 


Contact optical specular microscope 
with digital pachometer c) 


Ultrasonic pachymetry b) 
Optical slit scanning d) 
Ultrasonic pachymetry e) 


Non-contact pachymeter, 
optical low coherence reflectometer f) 


Ultrasonic pachmetry e) 


Optical slit scanning specular 
microscope with digital pachometer a) 


Ultrasonic pachymetry g) 


Specular microscopy 
h) and ultrasonic pachymetry g) 


Ultrasonic pachymetry g) 


Non-contact pachymeter, optical low 
coherence reflectometer f) 


Non-contact pachymeter, optical low 
coherence reflectometer f) 


Ultrasonic pachymetry g) 
Ultrasonic pachymetry g) 
Ultrasonic pachymetry g) 


Non-contact specular microscopy 
h) and ultrasonic pachymetry g) 


Central 


620447 


560+5.2 
61049 S.E. 


578+64 
755+33 
569436 


356. 11414.34 
407+20 
3802420 


785+2,98 


858.5 mean OD/OS 


770.047.5 
159.08+14.99 


106.043.45 


630245 
59549 
242+0.2 


468+20 h) 
480430 g) 


(no sign diff) 


a) HS-CEM3 Endothelial Microscope System, Heyer-Schulte Medical Optics Center, Irvine, CA 
b) Corneo-Scan Il, CS2000 Storz Surgical Inc, St. Louis, MO 

c) Bio-Optics contact LSM-2000B, Bio-Optics, Arlington, MA 

d) Modification of Haag-Streit 900 slit lamp 

e) VIDA 55, Visual Instruments Distribution Associates: South Laguna, CA 


t) Optical low coherence reflectometer, Haag-Streit, Bern, Switzerland 
g) DGH500, DGH Technology Inc, Exton, PA 
h) Topcon SP-2000P, Topcon America, Paramus, NJ 


Site on Cornea 


Dorsal 


61244.5 


Peripheral 670410 S.E. 


601+65 


932.5 mean 
OD/OS 


827.249.3 


Lateral 


581+6.4 


584+60 


879.5 mean 
OD/OS 


783.049.2 


whole blood, with optimum excitation point at 485 nm and 
peak emission at 530 nm. Other dyes available for angiogra- 
phy include indocyanine green (peak absorption, 790 nm; 
peak emission, 820 nm), pyranine (peak absorption, 455 nm; 
peak emission, 520 nm), and rhodamine (peak absorption, 
555 nm; peak emission, 585 nm). 

Once injected into the jugular, tail, or cephalic vein, 
sodium fluorescein appears in the eye within 5 to 15 seconds 
in most species.'4*!*3 After entering the choriocapillaris, 
unbound fluorescein readily passes into the choroidal intersti- 
tium via numerous, large fenestrae. Movement of dye into the 


retina is prevented by the tight junctions between RPE cells. 
Fluorescein entering the retinal vasculature is retained within 
the lumen of these vessels by tight junctions and the lack of 
fenestrae between the endothelial cells. Breakdown of either 
the RPE or retinal vascular barrier allows fluorescein to enter 
the retina. 

A blue excitation filter in the light pathway (e.g., Kodak 
Wratten 47A blue filter) induces maximal fluorescence, and a 
yellow filter in the optical pathway (e.g., Kodak Wratten 15 yel- 
low filter) provides maximal contrast. Further contrast is pro- 
vided by the retina through a yellow pigment (i.e., xanthophyll) 
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Table 9.2.7 Mean + SD Corneal Endothelial Cell Density in Cells/mm? 
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Site on Cornea 
Species Methods Central Periphery Dorsal Lateral 
Dog Ref 109 Contact specular microscope a) 2,816 
Dog Ref 110 Contact specular microscope b) 21995) 2,875 
Dog Ref 115 Contact specular microscope c) 2,335 2,310 
Cat Ref 117 Specular microscopy c) 2,991+236 
Cat Ref 112 Specular microscope 2,4034177 
Rabbit Ref 108 Contact slit scanning microscope d) 2, 9984326 
Horse euthanized Non-contact specular 3,216 3,086 3,250 
5 sites measured microscope e) 
Ref 103 
Llama Ref 101 Non-contact specular microscope e) 2,669 
Alpaca Ref 101 Non-contact specular microscope e) 2,275 
Rhesus monkey 
Ref 107 Non-contact specular microscope e) 3,990 


a) HS-CEM3 Endothelial Microscope System, Heyer-Schulte Medical Optics Center, Irvine, CA 


b) Bio-Optics LSM-2100C, Arlington, MA 

c) Bio-Optics LSM-2000B, Arlington, MA 

d) Heyer-Schulte Medical Center, Irvine, USA 

e) Topcon SP-2000P, Topcon America, Paramus, NJ 


in the outer nuclear and outer plexiform layers. This pigment 
absorbs the blue excitation frequencies, thus allowing the retina 
to act as its own optical filter. 

Either black-and-white or color high-speed film may be used 
for fluorescein angiography as well as video systems. The 
tapetal reflection in many species, however, limits the value of 
this procedure for tapetal abnormalities. Custom processing 
may enhance the photograph or slide quality. Animals should be 
sedated for fluorescein angiography, because even the slightest 
movement can disrupt the photographic sequence. Short-term, 
general anesthesia may also be performed, but the resultant 
changes in globe position often make this undesirable. Drugs 
and drug combinations that have been used successfully in this 
procedure include acepromazine, 0.5 mg/kg intravenously, and 
ketamine, 10 mg/kg intramuscularly, in the dog; ketamine, 40 
mg/kg and 30 mg/kg, in the cat and rabbit, respectively; and 
intraperitoneal ketamine, 30 mg/kg, and pentobarbital, 30 
mg/kg, in the rat and hamster. The horse and pig require general 
anesthesia.'4 Fluorescein is administered rapidly via the 
cephalic or jugular veins in the dog and cat, the jugular veins in 
the horse, the ear veins in the rabbit, the tail veins in the rat and 
hamster, the cephalic or saphenous vein in pigs, and the wing 
veins in birds. Doses are chosen to maximize vascular fluores- 
cence while minimizing side effects. Reported doses include 
10% sodium fluorescein, 20 mg/kg, in the dog, up to 5 mL in 
nonhuman primates, up to 2 mL in the cat, 1 to 2 mL in the rab- 
bit, 0.5 mL (0.03 ml/100g) in the rat, 0.25 ml in the hamster, and 
2.5 ml in the miniature pig.'**-19544-!6 Reported side effects at 
these doses include emesis in approximately 5% of small 
animals and anaphylaxis in one cat.!*° The lethal dose of 


fluorescein in the rabbit is 2.5 g/kg. The low toxicity of fluores- 
cein is attributed, at least in part, to its negligible tissue binding. 

Once the animal is sedated and the pupils dilated, the eye 
and camera are aligned, and control (i.e., prefluorescein injec- 
tion) photographs are taken. Fluorescein is then injected as a 
rapid bolus via an intravenous catheter, and photography is ini- 
tiated. Photographs are taken at a rate of at least one every 2 sec- 
onds, beginning 5 seconds after the injection. After 20 seconds, 
photographs are taken at 1, 5, and 10 minutes following the 
injection. 

Phases of the fluorescein angiogram include prefilling, 
choroidal, retinal arteriolar, retinal capillary, retinal venous, 
and recirculation. The choroidal phase is characterized by a 
central-to-peripheral progression of fluorescence behind the 
RPE (i.e., choroidal flush). With incomplete pigmentation of 
the nontapetal fundus or absence of the tapetal zone, the 
choroidal phase may be visualized. Cilioretinal arteries also 
fill during this phase, and as fluorescein leaks into the optic 
nerve from the choroid (via the border tissue of Elschnig), the 
optic nerve begins to fluoresce. In humans, it takes approxi- 
mately 6 to 8 seconds after injection for the dye to reach the 
retinal circulation.'4” The retinal arteriolar phase begins 0.5 to 
1.0 second after the choroidal phase, spreading outward from 
the optic disc. With careful focusing, the retinal capillary 
phase can subsequently be seen radiating from the optic disc. 
The retinal venule phase is characterized by laminar flow, 
with the venous margins fluorescing first. With optimal fluo- 
rescein doses, a second retinal arteriolar phase (i.e., recircula- 
tion phase) can be observed as well. Sodium fluorescein is 
rapidly eliminated via the kidneys and stains the urine. 
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Abnormalities of the fluorescein angiogram are described as 
either hyper- or hypofluorescent. Hyperfiuorescence occurs 
with leakage of fluorescein into the vitreous or the subretinal 
space (1.e., retinal detachment), staining of tissue from leaky 
retinal or choroidal blood vessels, RPE defects (i.e., increased 
choroidal visibility), and increased accumulation associated 
with tumors, active hemorrhages, and vascular abnormalities 
(e.g., neovascularization, aneurysm, shunts). Hypofluorescence 
results from vascular attenuation or occlusion and from visual 
obstructions such as pigment, hemorrhage, edema, and exu- 
dates. Pseudofiuorescence can occur with poor matching of 
excitation and barrier filters. Autofluorescence occurs in the 
tapetal fundus of the cat, lemur, and many other tapetal species. 
Drusen formation in the optic nerve, lipofuscin in the retina, 
and normal sclera can produce autofluorescence as well. Con- 
trol photographs taken before fluorescein injection will help to 
minimize any misinterpretations caused by these latter two phe- 
nomena. 

Indocyanine green angiography is an alternative to fluores- 
cein angiography.'4* Indocyanine green is a water-soluble, tri- 
carbocyanine dye with emission and excitation peaks in the 
near-infrared spectrum.!°? These longer wavelengths pass 
more readily than the shorter emission wavelengths of fluores- 
cein through the RPE, thereby allowing better visualization of 
the underlying choroidal vasculature. 

The protocol described above is ideal for identifying 
abnormal vessels. Ophthalmic disorders such as diabetic 
retinopathy and glaucoma may give rise to, or result from, 
ocular circulatory pathologies. Measurements of the time 
required for fluorescein dye to pass through the retinal circu- 
lation, quantitative fluorescein angiography, have been done 
in several animal models.!*° The introduction of the scanning 
laser ophthalmoscope has greatly improved quantitative fluo- 


rescein angiography. There are two commercial scanning 
laser systems: the analog Rodenstock SLO, which records 
data on an S-VHS video recorder or in a digital format, and 
the more recently developed Heidelberg retina angiograph 
(HRA) system, which digitally records data on a computer 
system. SLO allows imaging of the retina with a very high 
temporal resolution (Fig. 9.2.13). The Rodenstock SLO 
records at a speed of 30 frames per second and the HRA at 20 
frames per second. The times between the first appearance of 
fluorescein in a retinal artery and corresponding retinal vein 
(AVP times) recorded with the SLO have ranged between 
1.45s and 1.74s in humans.'°° The SLO used for angiography 
works according to the same principle as the tomograph. The 
difference lies in the wavelength of the laser used to excite 
the dye and having a fully open aperture. A blue laser (488 
nm) and an infrared laser (795 nm) are used to excite fluores- 
cein and indocyanine green, with barrier filters at 500 nm and 
810 nm. The SLO is a confocal device that minimizes blurred 
and reflected images and enhances contrast by illumi- 
nating only a very small amount of tissue at selected depths 
in the retina’? It is used to explore the effects of 
diabetes, ischemia, and inflammatory processes of induced 
uveitis.’6!5'!52 Confocal SLO was used to record retinal 
blood velocity parameters in dogs, monkeys, and minipigs.!>° 
Arteriovenous filling times, in seconds, for cynomolgus mon- 
keys and Gottingen minipigs were 2.82 + 0.15 and 2.4 + 0.04 
respectively. 

Measurement of leukocyte velocity may indicate the rela- 
tive blood flow through retinal tissue.!>° It is possible to stain 
leukocytes and track their movement through the circulation 
using SLO and any of fluorescent dyes such as acridine 
orange, fluorescein isothiocyanate, sodium fluorescein, and 
carboxyfluorescein diactate.!>4!°5!5° Acridine orange stains 


Figure 9.2.13. Simultaneous acquisition of both fluorescein (left image) and indocyanine green (right image) from rat retinas taken with the montaging 
mode of the HRA giving a field of view of about 73 x 73 degrees. The images are captured by moving the camera horizontally with a speed of two to three 
images per second. Images to be included are selected manually, and then the montage image is done automatically by the computer. 
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all subsets of leukocytes and is the most frequently used 
dye in rodents. It is carcinogenic and phototoxic to cellular 
lysosomes, and therefore has no applications in human 
research.!50 


Laser Flowmetry 


Laser Doppler techniques are used to measure blood velocity 
or blood flow. Laser Doppler velocimetry (LDV) measures the 
maximum blood cell velocity present in larger retinal vessels. 
The velocity is calculated from an analysis of Doppler shifts 
observed in light scattered by moving red blood cells. The 
LDV was later developed to be able to measure velocity of 
blood in the capillaries of the ONH.'°’ Experiments with the 
method in minipigs and cats have shown changes in ONH 
blood flow in response to varied blood carbon dioxide levels, 
carotid occlusion, hyperoxia, flicker stimulation, and 
increased IOP.'5’ The Heidelberg retina flowmeter (HRF, 
Heidelberg Gmbh, Heidelberg, Germany) combines laser 
Doppler flowmetry and scanning laser technology.!°° HRF 
images consist of a 2560 x 2560 um area of retina or ONH 
with a scanning 785-nm diode laser. The HRF computer 
extracts the individual frequency components of the reflected 
light. The results are displayed as a color-coded two-dimen- 
sional perfusion map with low perfusion values displayed as 
light colors and high perfusion values displayed as dark colors 
(Fig. 9.2.14). The reflectance image and three two-dimen- 
sional perfusion maps showing the values for the parameters 
volume, flow, and velocity in arbitrary units are displayed 
from top to bottom. Beagles with advanced primary open- 
angle glaucoma showed no change in ocular blood flow after 
administration of amlodipine, as measured with the HRF.!58 
The capillary microcirculation, measured with HRF, of the 
temporal neuroretinal rim (NRR) of the Rhesus monkey ONH 
with laser-induced glaucoma had significantly increased 
blood flow, and the nasal NRR significantly reduced blood 
flow, compared to blood flow in the NRR of normal normoten- 
sive monkey eyes.’> No blood flow changes were detected 
with the HRF in the optic nerve head in the Rhesus monkey 
model of ONH ischemia.!°? 


Color Doppler OCT 


Color Doppler optical coherence tomography (CDOCT) is a 
functional application of OCT and is the first technique to 
simultaneously record, with micron-scale resolution, the 
depth, diameter, flow rate, and flow dynamics of blood vessels 
within the living retina.!°° Conventional OCT records the 
amplitude of reflected light as a function of depth within the 
tissue being imaged. CDOCT differs from conventional OCT 
by measuring Doppler shifts in the reflected light using inter- 
ferometric phase information, much like LDV. CDOCT pro- 
vides superior axial resolution and depth localization. It also 
decreases the spatial resolution to approximately 10 to 20 um, 
resulting in a higher signal-to-noise ratio than confocal detec- 
tion alone. Thus far, limitations in both spatial and velocity 
resolution have permitted use of CDOCT only for imaging of 
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Fig. 9.2.14. Images from a monkey fundus taken with the Heidelberg 
retina flowmeter. The reflectance image and three two-dimensional perfu- 
sion maps showing the values for the parameters volume, flow, and veloc- 
ity in arbitrary units are displayed from top to bottom. 


large retinal vessels. Because the spatial resolution is 
inversely related to the optical bandwidth of the source, it can 
be improved by using a broader bandwidth source, as demon- 
strated for ultrahigh-resolution (2 to 3 um) structural imaging 
in the human retina. 

A practical algorithm for ocular imaging in veterinary 
medicine is as follows: B-scan ultrasonography is the initial 
imaging modality to assess intraocular abnormalities and 
the immediate retrobulbar space. Ultrasound biomicroscopy 
(UMB) has the best resolution for examination of the ante- 
rior segment. CT is the most appropriate imaging modality 
to evaluate orbital trauma and neoplastic involvement of the 
orbit. MRI is helpful in orbital mass localization and identi- 
fication. Plain-film and computed radiography is more often 
used in veterinary medicine than are CT and MRI to exam- 
ine orbital and nasal cavity disease. For disorders affecting 
the chiasmal and retrochiasmal pathways, MRI is the 
modality of choice. OCT and CSLO are beneficial in serial 
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examination of the optic nerve and NFL topography in dogs 
with glaucoma. 
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Part 3: Diagnostic Ultrasonography 
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PHYSICS AND BASIC PRINCIPLES 


Ultrasonography is a noninvasive imaging technique used for 
the qualitative and quantitative evaluation of intraocular and 
orbital lesions.!"' It is a safe and rapid method, relatively easy 
to learn, and can be performed in an awake animal. Ultra- 
sonography is indicated in eyes with opaque ocular media 
when an ophthalmic examination can no longer be performed 
(corneal edema, hyphema, cataract, vitreous hemorrhage)!" 
and in eyes with ocular trauma® or suspected orbital dis- 
ease.'*-!© Other indications involve biometric measurements 
of intraocular and orbital structures!’-!? and determination of 
axial eye length for artificial lens power calculations.2° 

The ultrasonic beam is a series of acoustic waves with a 
frequency greater than 20 KHz (20,000 oscillations/sec) and 
is therefore inaudible to humans. Ultrasound frequencies used 
in ocular diagnostics usually range from 7.5 to 50 MHz.” A 
piezoelectric crystal, which is built into the front of the ultra- 
sound transducer, responds to an electrical stimulus with 
mechanical deformation and the emission of ultrasound 
waves.**6 Sound waves require a medium, such as liquids, 
tissue, or gas, for their transmission and are propagated as lon- 
gitudinal waves. Particles (molecules) in the medium oscillate 
in the direction of wave propagation and transfer energy to the 
neighboring molecules.” Travel velocity of ultrasound 
in a medium depends on the density and compressibility of 
this medium. A liquid medium is more compressible than a 
solid medium, so, for example, sound waves pass through vit- 
reous much more slowly than through the lens.“ This 
medium-specific resistance to sound propagation is called the 
acoustic impedance, which is the product of density and sound 
velocity within this medium. The wave nature of ultrasound is 
similar to optical radiation and obeys the same fundamental 
laws of reflection and refraction.” If the sound waves strike an 
acoustic interface, which is the junction of two ocular media 
with different acoustic impedances (e.g., lens—vitreous, vitre- 
ous-—tetina), an echo occurs and part of the wave is reflected 
back to the transducer. The piezoelectric crystal receives this 
echo, processes it, and displays the signal on the screen.” 


Echo strength is largely dependent on the physical struc- 
ture of the medium; the angle of sound incidence; and the size, 
shape, and smoothness of the acoustic interface.” If the ultra- 
sound beam strikes a smooth surface (e.g., lens capsule) per- 
pendicularly, almost all of the wave is reflected back to the 
transducer and a maximal echo is produced on the screen. 
The sharper the angle of the sound wave that hits the interface, 
the more sound energy is diverted away and weaker the 
returning echoes.” On very rough interfaces, the sound waves 
are scattered, and the returning echoes are very weak. Like- 
wise, intense scattering occurs on very small structures and 
with increasing ultrasound frequency.‘ Ultrasound energy is 
gradually absorbed as the ultrasound waves propagate through 
tissue.” Absorption of sound energy is measured in decibel 
(dB) and is dependent on the frequency of the sound waves. 
Depth of sound wave penetration in tissue is directly propor- 
tional to the wavelength. For example, the ultrasound waves 
of a low-frequency, 7.5-MHz ultrasound transducer provide 
poor ocular near-field visualization but better tissue penetra- 
tion. Therefore, this type of transducer is best used for exami- 
nation of the orbit and retrobulbar area. On the other hand, 
high-frequency ultrasound waves (20-50 MHz) penetrate 
only a few millimeters into tissue and therefore allow excel- 
lent imaging of the anteriorly located structures of the eye.” 


A-MODE 


A-mode (amplitude modulation) is the most original of all 
ultrasound methods. Echoes received by the transducer are dis- 
played one-dimensionally and time-dependent as vertical 
spikes (amplitudes) from a baseline.” The height of the 
spike reflects the intensity of the echo. The distance between 
individual spikes depends on the time required for the ultra- 
sound waves to reach a given acoustic interface and for their 
echo to return to the transducer. Spacing of spikes on the hori- 
zontal baseline also reflects the spatial distribution of the struc- 
tures being examined.” Diagnostic A-mode was standardized 
for use in human ophthalmology by Karl Ossoinig.?’ It 
requires specific instrumentation and a nonfocused, 8-MHz 
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(a) 


(b) 


Figure 9.3.1. A. Standardized diagnostic A-mode probe with tissue model for external calibration. B. Ocular ultrasound probes. Top: Diagnostic 10 MHz 
B-mode probe. The white marker on the probe tip designates upper portion of the echogram. Middle: High-frequency (20 MHz) diagnostic B-mode probe. 
Bottom: Standardized diagnostic 8 MHz A-mode probe. (Courtesy of University of Georgia and the University of Munich.) 


transducer, which is externally calibrated with a tissue model?’ 
(Fig. 9.3.1A). If used in combination with a B-mode scan, stan- 
dardized diagnostic A-mode provides objective and accurate 
information about the internal reflectivity of ocular lesions and 
is the most reliable method for the diagnosis of retinal detach- 
ment in humans.”4*” The use of diagnostic A-mode is some- 
what limited in veterinary ophthalmology because the 
interpretation of the spike pattern in a moving eye is difficult. 
However, earlier reports document the successful diagnosis of 
retinal detachment and vitreous hemorrhage in dogs with A- 
mode ultrasound.? Many ophthalmic ultrasound machines 
incorporate a vector A-scan within the B-mode picture. 

Although this vector-A-scan method is different from diag- 
nostic A-scan, it may greatly improve the diagnostic accuracy 
of ocular ultrasound and is especially useful in veterinary oph- 
thalmology. Whereas B-mode may yield information about 
the topography of an ocular or orbital lesion, the vector A- 
scan may provide objective information on a lesion’s charac- 
ter and size.?®? Also, ocular measurements can be performed 
with the B-mode guided vector A-scan and were shown to be 
as accurate as measurements performed with a biometric 
A-mode probe.*° 

Biometric A-scan is commonly used for axial eye length 
measurements in both human and veterinary ophthalmology 
and requires a special biometric A-mode transducer.” It is the 
method of choice for in vivo measurement of intraocular dis- 
tances, such as anterior chamber depth, axial lens thickness, 
vitreous body, and axial globe length.'”'? Measurements of 
the anterior—posterior axial globe length for calculation of 
intraocular lens dioptric strength have been performed in dogs 
and cats.2° 


B-MODE 


In B-mode (brightness modulation) ultrasound, echoes are dis- 
played two-dimensionally as light dots of different intensity 


and brightness on the screen. The coalescence of multiple dots 
forms a picture that reassembles a histological “slice” of the 
examined tissue.” The quality of the B-mode picture largely 
depends on the technical characteristics of the ultrasound 
machine, such as signal processing, gray scale, and speed of 
transducer oscillation.” Most B-mode transducers are real- 
time sector scanners with a very fast frame rate of 10 to 60 
frames/second, allowing visualization of movement during the 
scanning process.” 

B-scan ultrasonography is the most commonly used echo- 
graphic method for evaluation of intraocular and orbital 
lesions in veterinary ophthalmology.!*'° A standard 10-MHz 
transducer with a focal range of 3 to 4 cm is the most suitable 
ophthalmic transducer, allowing visualization of anterior and 
posterior segment abnormalities as well as orbital lesions.* 
However, structures very close to the transducer tip (cornea, 
anterior chamber, iris) are more difficult to image with a 10- 
MHz transducer because of near-field reverberation artifacts.* 
For an improved examination of the anterior segment, a water- 
bath technique is helpful and may consist of a water-filled 
glove placed between the closed eyelids and the transducer. 
Ultrasound probes with higher frequencies between 20 and 35 
MHz (high-frequency ultrasound) and 50 and 100 MHz (ultra- 
sound biomicroscopy) have been developed and allow a 
highly magnified examination of the cornea, sclera, anterior 
chamber, iris, iridocorneal angle, ciliary body, and anterior 
lens capsule.>!*? With high-frequency ultrasound, tissue reso- 
lutions between 20 and 80 microns can be achieved with pic- 
tures comparable to a low-power microscopic view of ocular 
structures,*!3? 


EXAMINATION TECHNIQUE 


The ultrasound transducer is placed directly onto the cornea 
after a topical anesthetic (e.g., proparacaine) has been instilled 
into the eye. Ocular transducers have a small scan head, which 
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Figure 9.3.2. Vertical axial scan: the white marker on the probe tip points 
dorsally. (Modified with permission from Dietrich U. Ultrasonographic exam- 
ination of the eyes of dogs with cataracts using the combined B-mode/vec- 
tor A-scan system. Inaugural dissertation. Ludwig-Maximilians-University, 
Munich, Germany 1996.) 


facilitates positioning on the cornea. The corneal contact 
method is the preferred examination technique and allows the 
best possible imaging of the globe and orbit.>* Scanning of 
the eye through the closed lids is less desirable because of 
sound attenuation produced by the lid tissues.” However, it is 
the recommended examination technique in case of a corneal 
injury, ocular trauma, or after intraocular surgery to avoid fur- 
ther damage to the cornea.’ It is very important to use a 
large amount of coupling gel, such as methylcellulose, on the 
cornea or lids to decrease near-field reverberation artifacts.” 
Ultrasound examination is performed in a vertical and hor- 
izontal plane and initially in an axial direction,!** with the 
lens being a landmark for orientation within the globe.” A 
white marker on the tip of the transducer indicates the plane of 
scanning and the side of the transducer, which is represented 
on the upper portion of the B-scan screen” (Fig. 9.3.1B). In 
vertical axial direction (the marker points dorsally), the merid- 
ian of the opposite fundus between twelve o’clock and six 
o’clock is examined (Fig. 9.3.2). If the probe is directed in 
horizontal axial direction (the marker points nasally), the 
meridian between three o’clock to nine o’clock can be evalu- 
ated” (Fig. 9.3.3). In each plane, the transducer is slightly 
shifted dorsally and ventrally, so the most peripheral areas of 
the opposite fundus dorsally and ventrally can be assessed.’ 
Examination of the opposite normal eye and orbit is highly 
recommended as a “normal” control for comparison purposes. 


NORMAL ULTRASONOGRAPHIC 
FINDINGS ON A- AND B-MODE 


Structures in the globe and orbit are described as hyperechoic, 
hypoechoic, or anechoic, depending on the presence and 
strength of the returning echo. In a normal eye, and by using a 


Figure 9.3.3. Horizontal axial scan: the white marker on the probe tip 
points nasally. (Courtesy of University of Georgia and the University of 
Munich.) 


Figure 9.3.4. Normal B-mode/vector A-scan echogram of a canine eye. 
The integrated vector A-scan is displayed on the bottom half of the screen. 
Echoes appear as bright lines or dots of different intensity on B-mode and 
as vertical spikes from a horizontal baseline on the A-scan vector. In axial 
vertical direction (white marker points dorsally), the posterior lens capsule 
produces a strong echo on B- and A-mode (arrows). The strong posterior 
eye wall echo contrasts against the acoustically empty vitreous. (Modified 
with permission from Dietrich U. Ultrasonographic examination of the eyes 
of dogs with cataracts using the combined B-mode/vector A-scan system. 
Inaugural dissertation. Ludwig-Maximilians-University, Munich, Germany 
1996.) 


10-MHz sector scanner, strong single echoes are received 
from the cornea, anterior and posterior lens capsule, and pos- 
terior eye wall. Those echoes appear as vertical spikes on the 
A-mode axis or as bright, reflective lines on B-mode (Fig. 
9.3.4). With a water-bath technique, the anterior chamber can 
be visualized as an anechoic, black area on B-mode. The iris 
may be more difficult to visualize in dogs and cats, but the iris 


510 e SECTION Il: Foundations of Clinical Ophthalmology 


and corpora nigra are easily recognized in the horse.* The 
normal lens is translucent, and only the posterior lens capsule 
can be visualized as a highly reflective, concave line on B- 
mode. Anterior chamber and vitreous are clear and anechoic 
and appear as a homogenous black area on B-mode or a hori- 
zontal line on A-mode. The vitreous is bordered posteriorly by 
the eye posterior eye wall echo. This strong echo is composed 
of retina, choroid, and sclera, which cannot be differentiated 
from each other echographically.** The adjacent orbital soft 
tissue, composed of fat, connective tissue, nerves, and blood 
vessels, is depicted as a highly reflective and heterogenous 
area on B-mode and represented by a series of multiple, grad- 
ually declining echoes of different height on A-mode.”* The 
optic nerve can be visualized as a cone-shaped, elongated, 
hyporeflective area in the medioventral part of the orbit.!>* 
Retrobulbar muscles are recognized as thin, elongated hypoe- 
choic structures with attachments at the globe.!° 


Anterior segment lesions 
Neoplasia 


Neoplasia in the anterior segment typically present as circum- 
scribed, echodense, masslike structures. They usually arise 
from the iris or ciliary body and may invade the anterior 
chamber or vitreous, causing lens luxation or subluxation>* 
(Fig. 9.3.5). Iris melanoma is the most common type of iris 
neoplasia. In the dog, it usually arises as a densely pigmented 
structure from the iris surface and requires differentiation 
from iris cysts. On ultrasound, iris melanoma appears acousti- 
cally dense and solid, whereas iris cysts have an anechoic, 
fluid-filled center, surrounded by a thin cyst wall (Fig. 9.3.6). 
It may be advantageous to use a water-bath standoff or high- 
frequency ultrasound for better anterior segment resolution, 
especially if the neoplasia is very small. Hyphema and 
hypopyon may appear as rather echodense, pointlike lesions, 
whereas fibrin in the anterior chamber produces single hyper- 
reflective strands.® 


Figure 9.3.5. Ciliary body tumor (7) invading the vitreous and causing a 
lens subluxation (arrow). (Courtesy of University of Georgia and the 
University of Munich.) 


Lens 


Nucleus sclerosis or cataract formation increases the internal 
reflectivity of the lens, which is normally an anechoic struc- 
ture. Depending on the distribution, density, and maturity of 
the cataract, single or multiple echoes may be received from 
within the lens, and the equatorial regions of the lens become 
clearly outlined?” (Fig. 9.3.7). The more mature and calcified 
the lens is, the stronger and brighter the echoes within the lens 
become. Lens thickness may be increased in a mature 
cataract!’ or decreased in a hypermature or resorbing cataract? 
(Fig. 9.3.8). Ocular ultrasound is an important part of the pre- 
operative evaluation process for cataract surgery, and lens 
anomalies, embryonal remnants in the vitreous, vitreous 
degeneration, or retinal detachment may be detected prior to 


Figure 9.3.6. Ultrasound biomicroscopy (50 MHz) of an iris cyst 
(arrow) in a Boston Terrier. The cyst is behind the iris, has no internal 
reflectivity, and is surrounded by a thin cyst wall. S, sclera; C, cornea; ICA, 
iridocorneal angle; /, iris; AC, anterior chamber; L, lens. (Courtesy of Uni- 
versity of Georgia and the University of Munich.) 


Figure 9.3.7. B-mode ultrasound of a mature cataract in a diabetic 
dog. The internal reflectivity of the lens is increased (strong echoes on B- 
and A-mode), and both the anterior and posterior lens capsules are well 
outlined. The lens is intumescent and larger in size. (Courtesy of University 
of Georgia and the University of Munich.) 
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Figure 9.3.8. Hypermature cataract. The lens has decreased in size 
and has a wrinkled and irregular anterior and posterior lens capsule. 
(Courtesy of University of Georgia and the University of Munich.) 


Figure 9.3.9. Posterior lenticonus (arrow) in a young Bloodhound puppy. 
(Courtesy of University of Georgia and the University of Munich.) 


surgery®"!?9 (Figs. 9.3.9 and 9.3.10). In an anterior or 
posterior lens luxation, the lens can be visualized as a spheri- 
cal structure with smooth, very highly reflective borders® (Fig. 
9.3.11). A lens subluxation may be more difficult to detect but 
is suspected if the echoes of the anterior and posterior lens 
capsule are not aligned in an axial scan (Fig. 9.3.12). A lens 
subluxation can also result in an increased or decreased 
anterior chamber depth. 


Posterior Segment Lesions 


Posterior segment lesions appear as pointlike, membranelike, 
or masslike structures on B-mode.” The vitreous is acousti- 
cally empty in the normal eye and recognized as a homoge- 
nous, black area on B-mode or as a horizontal, flat line on 
A-mode. Pathologic changes in the vitreous include hemor- 
rhage, inflammation, membrane formation, degeneration, and 
embryologic remnants. Fresh hemorrhage and inflammatory 
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Figure 9.3.10. Persistent hyperplastic primary vitreous/persistent tunica 
vasculosa lentis (PHPV/PHTVL) in a Doberman Pinscher. The hyaloidea is 
attached to the posterior lens capsule (arrow) and appears as a linear, 
highly reflective structure on the B-mode echogram. (Courtesy of Univer- 
sity of Georgia and the University of Munich.) 
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Figure 9.3.11. Horizontal B-mode/vector A-scan echogram of a poste- 
rior lens luxation in a Shi Tzu. The lens is recognized as a round structure 
in the vitreous with high internal reflectivity and a smooth, highly reflective 
capsule. (Courtesy of University of Georgia and the University of Munich.) 


cells produce very diffuse, pointlike echoes of low or medium 
reflectivity. In severe ocular hemorrhage, the posterior eye 
wall echo is very weak, and the lens may appear as a clear ane- 
choic structure with distinct capsule echoes (Fig. 9.3.13). 
Organized hemorrhage and blood clots have an increased 
reflectivity and masslike appearance, and they may be falsely 
interpreted as an intraocular neoplasia. Degeneration (synere- 
sis) of the vitreous creates multifocal dots or linear structures 
in the vitreous cavity of medium to high reflectivity.®? It is 
important to increase the gain setting during the examination 
of the vitreous in order to detect very fine echoes that may oth- 
erwise go unnoticed.” The calcium lipid deposits in asteroid 
hyalosis produce very strong, multifocal bright echoes on B- 
mode, and they appear clustered in the center of the vitreous.* 
On A-mode, asteroid hyalosis produces multiple echoes of 
medium to high amplitude, and typically, an anechoic zone is 
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Figure 9.3.12. B-mode/vector A-mode ultrasound of a lens subluxation 
in a dog. Echoes of the anterior and posterior lens capsule are no longer 
aligned in an axial scan. The lens has shifted ventrally. (Courtesy of Univer- 
sity of Georgia and the University of Munich.) 
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Figure 9.3.13. B-mode/vector A-scan echogram of an eye with ocular 
hemorrhage after blunt trauma. The hemorrhage is fresh and provides mul- 
tiple, diffuse echoes in the vitreous and anterior chamber. The correspon- 
ding echoes on the A-scan vector are of low to medium amplitude. The lens 
(L) can be identified as an anechoic structure on B-mode and produces 
strong anterior and posterior lens capsule echoes on A-mode. A distinct 
posterior eye wall echo is no longer visible on B-mode but can easily be 
detected on the A-scan (arrow). (Courtesy of University of Georgia and the 
University of Munich.) 


observed between the vitreous opacities and the posterior eye 
wall? (Fig. 9.3.14). In fresh posterior uveitis or endoph- 
thalmitis, inflammatory debris in the vitreous is recognized as 
finely distributed bright echoes’ on B-mode or multiple spikes 
on the horizontal axis on A-mode (Fig. 9.3.15). In long- 
standing hemorrhage or inflammation, membrane formation 
in the vitreous may be observed.‘ 

Diagnosis of a complete retinal detachment is facilitated by 
its typical appearance on ultrasound. The detached retina is 
seen as a highly reflective, continuous, linear structure with 
attachments at the optic disc posteriorly and ora ciliaris retina 
anteriorly, resembling the wings of a seagull!+’? (Fig. 


Figure 9.3.14. Asteroid hyalosis. The calcium-phosphate crystals are 
diffusely distributed throughout the vitreous but leave an anechoic zone 
between opacities and posterior eye wall (arrow). This is a typical finding in 
asteroid hyalosis. (Modified with permission from Dietrich U. Ultrasono- 
graphic examination of the eyes of dogs with cataracts using the combined 
B-mode/vector A-scan system. Inaugural dissertation. Ludwig-Maximil- 
ians-University, Munich, Germany 1996.) 


9.3.16A). On A-mode, a 100% high spike is produced when 
the ultrasound beam is directed perpendicular to the detach- 
ment”? (Fig. 9.3.16B). In a fresh retinal detachment, undu- 
lating movement of the retina during real-time scanning may 
be observed.” In long-standing retinal detachment, the retina 
often takes the form of a funnel-shaped membrane that can be 
open or closed” (Fig. 9.3.17). Other differential diagnoses for 
linear, highly reflective structures include dense vitreous 
membranes (sequelae to long-standing intraocular inflamma- 
tion or vitreous hemorrhage) or giant retinal tears in a rheg- 
matogenous detachment. In both cases, the linear structure 
may have an unusual insertion at the optic disc.” A careful B- 
mode examination in different planes, combined with stan- 
dardized A-mode, should be performed in all vitreoretinal 
diseases. 


Orbital Lesions 


Most orbital lesions (neoplasia, abscess) have a more homog- 
enous composition than normal orbital tissue, and if they are 
large enough to produce clinical symptoms, they can be easily 
detected.*'4!6 Depending on the type of lesion, the affected 
area may exhibit higher or lower reflectivity. An abscess can 
be identified as a cystlike, well-circumscribed area of a very 
low internal reflectivity (Fig. 9.3.18), whereas an orbital neo- 
plasia is characterized by increased reflectivity and a more 
invasive growth pattern. 16 

For orbital scans, the scan head is placed directly onto the 
cornea, or alternatively, the transducer can be placed on the 
shaved skin caudal to the orbital ligament.!> This allows 
improved scanning of the optic nerve, orbital fissure, optic 
canal, and extraocular muscles because these structures are 
oriented perpendicular to the ultrasound beam. In some 
cases, computed tomography (CT) and magnetic resonance 
imaging (MRI) were found to provide better information 


(a) 
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Figure 9.3.15. A.B-mode/vector A-scan echogram of an eye with endophthalmitis caused by a systemic fungal infection with Aspergillus spp. In this ver- 
tical axial scan, pointlike opacities of medium reflectivity are diffusely distributed in the ventral part of the vitreous. B. Corresponding diagnostic A-mode 
echogram. Multiple spikes of low to medium reflectivity are observed along the horizontal baseline axis. (Courtesy of University of Georgia and the Univer- 


sity of Munich.) 
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Figure 9.3.16. A.B-mode echogram of a complete retinal detachment. A highly reflective membranelike structure extends in the vitreous in the shape of 
a seagull wing. This characteristic pattern is caused by tight attachments of the retina around the optic disc and ora serrata retinae. In real-time ultrasound, 
undulating movements of the retina may be observed during scanning procedure. B. Corresponding diagnostic A-scan of a complete retinal detachment. 
The sound wave strikes the detached retina perpendicularly and causes a single spike of almost 100% reflectivity on the horizontal A-mode axis (arrow). 


(Courtesy of University of Georgia and the University of Munich.) 


about the extent of an orbital lesion compared with other 
imaging techniques such as radiography and ultrasound.**** 
However, ultrasonography can be used as an excellent first 
choice in orbital diagnostic because it is the least expensive 
and the most widely available method, and it does not require 
the patient to be anesthetized." 


Artifacts 


During ultrasound examination, it is important to recognize 
acoustic artifacts that may interfere with accurate interpretations 


of ultrasound findings. In many cases, reverberation artifacts 
(multiple signals) occur because of entrapped air between the 
transducer tip and the eye; they can be avoided by using a large 
amount of coupling gel or by simply by changing the probe posi- 
tion.” Reverberation artifacts usually occur between two highly 
reflective interfaces or between the probe tip and a highly reflec- 
tive structure, such as a lens capsule, an artificial lens, or orbital 
bone. Metallic foreign bodies produce a typical reverberation 
artifact (“comet tail artifact’), which may actually help the 
examiner in the interpretation of the echogram® (Fig. 9.3.19). 
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Figure 9.3.17. B-mode ultrasound of a long-standing retinal detach- 
ment, which appears as a T-shaped membrane (closed funnel). (Courtesy 
of University of Georgia and the University of Munich.) 


Figure 9.3.18. B-mode/vector A-scan echogram of a retrobulbar 
abscess in a Miniature Schnauzer. The abscess is anechoic in the center 
and surrounded by a thick, highly reflective wall. It can be clearly distin- 
guished from the surrounding orbital tissue. The corresponding vector A- 
scan shows the low echogenicity within the cystic structure and the high 
posterior surface echo (arrows). (Courtesy of University of Georgia and the 
University of Munich.) 


Shadowing is caused by a very strong sound attenuation at a 
dense interface (e.g., bone, large foreign body) and produces the 
absence of echoes behind the interface. This may also help to 
diagnose a lesion in the eye or orbit.” 


HIGH FREQUENCY ULTRASOUND 
BIOMICROSCOPY (UBM) 


The pioneer work of Charles Pavlin and Stuart Foster led to 
the development of ultrasound biomicroscopy (UBM), which 
allows the observation of living tissue at microscopic resolu- 
tion.*” This high-frequency ultrasound imaging technique is 
similar to conventional B-scan ultrasonography but uses fre- 
quencies between 50 and 100 MHz. Tissue resolution is 
increased by approximately 10 times compared with a 
10 MHz probe and allows discrimination of structures as 
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Figure 9.3.19. B-mode echogram of a metallic intraocular foreign 
body. Multiple reverberation artifacts (“comet tail artifact”) are observed 
behind the object as the sound waves are reflected back and forth between 
the probe and the highly reflective metallic object (arrow). (Courtesy of Uni- 
versity of Georgia and the University of Munich.) 


small as 50 um. This corresponds to a lateral tissue resolution 
between 20 and 50 um compared to 500 to 600 um achieved 
with a 10-MHz probe.*? The trade-off for the higher resolution 
is a decreased tissue penetration of only 4 to 5 mm.?? Ocular 
imaging of the cornea, sclera, anterior chamber, iris, irido- 
corneal angle, and ciliary processes is comparable to a low- 
power histopathologic section. The layers of the cornea 


Figure 9.3.20. Ultrasound biomicroscopic image (50 MHz) of a normal 
canine eye. Epithelium (£) and Descemet’s membrane (D) provide strong 
echoes at the interfaces with air or aqueous humor. The corneal stroma (S) 
shows weaker echogenicity. Other areas identified on this picture include 
limbal/scleral region (LS), anterior chamber (AC), and iris (/). The anterior 
region of the lens (L) and the highly reflective anterior lens capsule (ALC) 
can further be demonstrated. (Courtesy of University of Georgia and the 
University of Munich.) 


(epithelium, stroma, Descemet’s membrane, and endothe- 
lium) can be easily differentiated (Fig. 9.3.20). 

In humans, UBM is extremely useful in the diagnosis of 
pupillary block glaucoma, iris-plateau syndrome, and the 
visualization of iris and ciliary body tumors.3%3537 It is further 
possible to evaluate the functional status of glaucoma-filtering 
devices?” and the position of intraocular lenses.** 

The clinical value of UBM has been demonstrated in veteri- 
nary ophthalmology.*°“? The depth and extension of corneal 
lesions (such as corneal sequestrum in the cat and squamous 
cell carcinoma in horses), and the thickness and size of limbal 
melanoma and iris melanoma, can be determined with UBM?! 
(Figs. 9.3.21 and 9.3.22). This information is very helpful for 
the planning and performance of the intended surgical treat- 
ment and cannot be obtained with other diagnostic methods. 


(b) 


Figure 9.3.21. A. Corneal sequestrum in a 5-year-old Persian cat. 
Depth of the sequestrum cannot be determined by clinical examination 
only. B. Corresponding ultrasound biomicroscopic picture of the corneal 
sequestrum in A. Notice the highly reflective sequestrum invading about 
one third of the corneal stroma (arrows). However, corneal necrosis also 
involves deeper corneal layers, indicated by areas or low echogenicity (*). 
The ultrasound examination was helpful in planning the surgery, and a 
lamellar keratoplasty was performed in this cat. (Courtesy of University of 
Georgia and the University of Munich.) 
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Figure 9.3.22. Ultrasound biomicroscopic picture of a limbal 
melanoma in a German Shepherd dog. Depth and extension of the mass 
can be easily determined with this high of a magnification and is helpful in 
planning the surgery. (Courtesy of University of Georgia and the University 
of Munich.) 


The high resolution of the iridocorneal angle and ciliary cleft 
allows accurate measurement and assessment of angle 
width,?2404!42 which renders UBM a useful method for the 
diagnosis of early glaucoma in the dog and may give additional 
information on angle-closure mechanisms.*” Quantitative 
measurements of the anterior segment were performed in enu- 
cleated cat eyes with UBM, and the mean values for axial 
corneal thickness (0.47 mm), anterior chamber depth (4.20 
mm), angle recess (0.38 mm), angle opening distance (1.05 
mm), and iris width (base 0.38 mm, middle 0.52 mm) were 
established.“ UBM scanning requires a water bath in form of a 
methylcellulose and saline-filled eyecup, which is placed 
between the eyelids (Fig. 9.3.23A). The transducer tip is then 
placed in the water bath opposite to the area of interest and 
close to the eye (Fig. 9.3.23B). Stay sutures placed at the lim- 
bus may facilitate globe position. The patient position is criti- 
cal in obtaining a good-quality image, and anesthesia or heavy 
sedation of the animal is required, which, together with the rel- 
ative higher costs of this machine, may be one of the biggest 
limitations for the use of UBM in a clinical setting. 

Recently developed high-frequency ultrasound probes 
operate with lower frequencies (20-35 MHz) than are used in 
UBM but also allow an exceptionally detailed examination of 
the anterior segment*! (Fig. 9.3.24). Those probes have an 
integrated offset device and do not require an external water 
bath. General anesthesia is not required, which makes the use 
of those probes more practical in a clinical setting. 


COLOR DOPPLER ULTRASOUND 


Color Doppler imaging (CDI) combines conventional B-mode 
ultrasound with a color Doppler instrument and allows the 
simultaneous evaluation of vascular velocity patterns. The 
technique of the Doppler instrument is based on the Doppler 
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(a) 


(b) 


Figure 9.3.23. A. Ultrasound biomicroscopic examination technique. The examination requires the animal to be under general anesthesia. An eyecup is 
placed between the lids and filled with methylcellulose and saline. Stay sutures are placed at the medial and lateral limbus to facilitate positioning of the 
globe. B. The transducer tip is placed in the water bath opposite the lesion and close to the eye. Stay sutures help to bring the area of interest into focus. 


(Courtesy of University of Georgia and the University of Munich.) 


Figure 9.3.24. High-frequency ultrasound (20 MHz) picture of a nor- 
mal canine eye. This method highly magnifies the anterior segment and 
allows a detailed examination of ocular structures. The 20-MHz transducer 
is flexible, and in contrast to an ultrasound biomicroscopic examination, the 
animal can be examined while awake. C, cornea; S, sclera; AC, anterior 
chamber; /, iris. (Slide courtesy of Xavier Lescure; courtesy of University of 
Georgia and the University of Munich.) 


principle, which is a change in the perceived frequency of the 
sound emitted by a moving echo source.** If motion of the 
echo source is toward the transducer, the frequency of the per- 
ceived echo is greater than of the emitted frequency. 
Conversely, if reflector motion is away from the transducer, 
the frequency of the echo is lower than that of the emitted 
sound. The greater the velocity of the blood cells in the blood 
vessels, the greater the Doppler shift, that is, the greater the 
difference between the reflected and emitted frequencies.” 

Doppler color flow imaging allows visualization of blood 
vessels and their flow characteristics within the eye and 
orbit.° The best resolution is achieved for evaluation of 
blood vessels greater than 200 um in diameter. By definition, 
blood flow toward the transducer is colored in red, and blood 
flow away from the transducer is colored in blue. Spectral 
analysis can be used to quantify the velocity of the blood flow. 
The velocity waveform of an artery has a high peak systolic 
velocity (PSV) and a low end diastolic velocity (EDV). The 
resistive index (RI) or Pourcelot ratio is a measurement to 
interpret the shape of the waveform or a vessel and can be cal- 
culated as follows: 


RI = (PSV - EDV)/PSV 


The RI ranges from 0 to 100%, with 0% representing no 
resistance and 100% representing high resistance. A high RI 
correlates with increased distal vascular resistance and 
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decreased perfusion. Determination of the RI helps to evaluate 
the functional variables of the orbital vascular bed, such as 
blood flow velocities and vascular resistance patterns, which 
may be altered during the course of ocular disorders in humans 
and animals.**“5 In order to determine specific normal orbital 
and ocular blood velocity parameters in the dog, CDI was per- 
formed in normal Beagle dogs.“ The external and internal oph- 
thalmic artery and vein, external ethmoid artery, dorsal and 
ventral external ophthalmic veins, long posterior ciliary arter- 
ies, major retinal artery, and short posterior ciliary arteries could 
consistently be imaged.“ When compared to values obtained 
from Beagles with primary open-angle glaucoma,” significant 
differences in blood flow velocities and RIs were detected in the 
external ethmoidal artery, internal ophthalmic artery, external 
ophthalmic artery, anterior ciliary artery, and short posterior cil- 
iary arteries (Fig. 9.3.25).*° In dogs with glaucoma, EDV was 
significantly decreased (5.55 cm/sec) and RI significantly 
increased (0.57) in the short posterior ciliary arteries (the pri- 
mary blood supply to the canine optic disc) compared with nor- 
mal dogs (EDV, 7.48 cm/sec; RI 0.44). Those changes in blood 
velocity parameters occurred before large elevations in IOP 
were observed, suggesting that glaucoma in the dog is mainly 
associated with vascular flow changes that are either primary or 
secondary to the disease process. 
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A CDI study was performed in the normal Beagle to 
evaluate the effects of L-type calcium channel blockers 
(amlodipine) on the hemodynamics of orbital arteries.“ 
Calcium channel blockers have been found to be beneficial in 
preventing visual field loss in humans with normal tension glau- 
coma.** In the normal Beagle, systemic amlodipine (given at a 
dose of 0.625 mg/5kg SID) was found to significantly increase 
blood flow velocities and to decrease RI in the short posterior 
ciliary artery, long posterior ciliary artery, and ophthalmic 
artery. Those changes may suggest a beneficial effect of cal- 
cium channel blockers in the treatment of vascular disturbances 
in the glaucomatous dog eye.“ 

CDI has been successfully applied in clinical settings for 
the diagnosis of ocular and orbital disease.!°!2? Hypervascu- 
larity on CDI was detected in two dogs and a cat with acute 
proptosis, in a dog with orbital cellulitis, and in two dogs with 
iris neoplasia.” A hypovascular CDI pattern was observed in a 
dog with acute head trauma and periorbital swelling, in a dog 
with chronic glaucoma and buphthalmus, and in two cats with 
traumatic proptosis. Normal CDI patterns were found in a dog 
with optic nerve hypoplasia and in a dog and cat with com- 
plete retinal detachments.” CDI facilitated the diagnosis of 
PHPV/PTVL in a Bloodhound puppy, as blood flow was 
found in the lens and hyperechoic strand in the vitreous.'° 


(b) 

Figure 9.3.25. Color Doppler images (top) and pulse waveforms (bottom) of the short posterior ciliary arteries (SPCA; see arrows) of a normal (A) and 
(B) glaucomatous Beagle. Comparisons of the normal to the glaucomatous Beagle’s SPCA Doppler blood flow parameters indicated decreased end dias- 
tolic velocities (EDV) and increased resistive indexes(RI) compared to the normal dogs. (Photos courtesy of Kathleen Gelatt-Nicholson.) 
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A persistent hyaloid artery was diagnosed with CDI in a 
mixed-breed dog.!? 

Although CDI is frequently performed in humans, this 
technique has some limitations for the use in veterinary prac- 
tice because sedation or anesthesia is routinely required. In 
one study, CDI was attempted in the awake dog.*° Artifacts 
caused by eye and head movements limited the number of ves- 
sels that could be accurately examined, and numerous 
attempts were necessary to obtain the best quality waveforms. 
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Chapter 9 


Ophthalmic Examination 


and Diagnostics 


Part 4: Electrodiagnostic Evaluation of Vision 


Björn Ekesten 


Electrodiagnostic testing provides unique, noninvasive oppor- 
tunities to probe the visual system from the retina to the visual 
cortex in virtually any animal species. Unlike psychophysics, 
which establishes relationships between the physical properties 
of stimuli and the subjective sensations they produce, electrodi- 
agnostic tests measure the electrical potentials generated in var- 
ious parts of the visual system. Therefore, electrodiagnostic 
testing should not be considered a measure of vision per se. 

The electroretinogram (ERG) is still the most widely used elec- 
trodiagnostic test in veterinary ophthalmology. The ERG, which is 
often used to diagnose outer retinal disease, is a complex response 
of different cells within the retina. The visual evoked potential 
(VEP), which is a cortical response, is less commonly tested. VEPs 
are particularly helpful in diagnosing visual impairment of 
postretinal origin. Additionally, the VEP has been used to predict 
subjective psychophysical contrast sensitivity or limits of spatial 
resolution. There are also some electrodiagnostic tests that are not 
commonly used in veterinary ophthalmology because they require 
very expensive equipment, are technically demanding, rely on 
patient cooperation, or provide results that are not yet well under- 
stood. The pattern electroretinogram (PERG), which can be used 
to evaluate retinal ganglion cell function, has received little atten- 
tion in clinical veterinary ophthalmology because it is a technically 
demanding test. The multifocal ERG (MFERG), a technique for 
recording local cone ERGs in multiple areas in the central part of 
the retina, is also technically demanding and not widely used. The 
electrooculogram (EOG) is used to assess the function of the reti- 
nal pigment epithelium (RPE) in human patients. The EOG has 
rarely been used in animals because the patient is normally 
required to perform regular, horizontal, saccadic eye movements. 

Combining different electrodiagnostic tests is a powerful 
way to both assess function and localize where in the visual 
system the dysfunction occurs. Using different stimulus and 
recording parameters, more specific information about the 
function of a particular cell type can be obtained. A patient 
with normal flash electroretinogram (FERG) and abolished 
flash visual evoked potential (FVEP) is likely to suffer from a 
severe ganglion cell or postretinal dysfunction. A normal 
PERG from this patient shows that the retinal ganglion cells 
are normal and the dysfunction has to occur in the higher 
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visual pathways. The more tests that can be employed, the 
more detailed information can be obtained. 


THE FLASH ELECTRORETINOGRAM 


The ERG provides an opportunity to assess the function of a part 
of the central nervous system, the retina, which can easily be 
visualized, for instance, using an ophthalmoscope. It is an electri- 
cal mass response of the retina to light stimulation, which reflects 
the function and integrity of the photoreceptors and the retinal 
cell layers they contact, the inner nuclear layer, and, if a special 
recording technique is used, the RPE. The electrical responses of 
the different cell types are superimposed in the ERG, which 
makes the interpretation of the results more challenging. 

Abrupt changes in retinal illumination causes recordable, 
transient electrical changes, a phenomenon already described in 
the 19th century by the Swedish physiologist Fridthiof Holm- 
gren.! In the beginning of the 20th century, the initial negative 
deflection was named the a-wave, the subsequent positive peak 
the b-wave (Fig. 9.4.1), and the late, prolonged positive compo- 
nent the c-wave.” A few years later, in 1911, the first report on 
the canine and feline ERGs, recorded using a string galvanome- 
ter, was published. The three components or processes making 
up the dark-adapted ERG, the PI, PII, and PIII (corresponding 


b-wave 


a-wave 


Figure 9.4.1. A dark-adapted canine electroretinogram in response to a 
brief, bright flash. Both rod and cone photoreceptors drive this response. 
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to the c-, b-, and a-waves), were analyzed more in detail in - 
ether-anesthetized cats.* The order of disappearance in response 
to ether administration was from PI to PII. Once PIII disap- 
peared, the ERG was incapable of recovery, as was the patient. 

PIII, forming the leading edge of the a-wave, reflects the 
negative change in the intracellular charge of photoreceptors 
(hyperpolarization) caused by light-evoked closure of the 
sodium channels in the cell membrane. The hyperpolarization 
diminishes the release of neurotransmitter, which in turn acti- 
vates bipolar cells. The origin of the b-wave has been controver- 
sial for decades. Depolarization of Miiller cells, caused by 
depolarization of bipolar cells, was long considered to result in 
a transretinal current along the Müller cell that was originally 
thought to be the major source of the b-wave. However, more 
recent results show that the b-wave directly relates to bipolar 
cell activity and not to K* currents flowing through the Miiller 
cells.> The c-wave is a result of the transient hyperpolarization 
of the apical membrane of the RPE and a hyperpolarization of 
the Müller cells in response to light. However, the c-wave is 
usually not included in clinical animal protocols because direct 
current (DC) recordings are technically challenging and 
because it is recordable in only a fraction of normal adult dogs.® 

The potential of the ERG as a diagnostic tool was demon- 
strated in 1945, when the ERGs of human patients with differ- 
ent ocular diseases were reported.’ The appearance of the 
ERG in Irish Setters with and without ophthalmoscopic signs 
of retinal degeneration was published in 1953 by British 
researchers.® A century after Holmgren’s discovery, the ERG 
became more widely used to diagnose and study retinal 
function in dogs.’ The ERG has subsequently been used to 
evaluate retinal function in several species. 

In veterinary ophthalmology, the ERG has been used to 
diagnose patients with acquired or inherited retinal diseases, 
assess retinal function in patients with opaque ocular media 
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such as cataracts, and exclude an outer retinal component in 
patients with ganglion cell or postretinal dysfunction. The ERG 
provides more objective results than ophthalmoscopy and char- 
acterizes the function of specific cell types in the retina. 
Furthermore, the ERG usually allows much earlier diagnosis 
than does an ophthalmoscopic or behavioral examination. 


Equipment for Recording and Light 
Stimulation 


Electrodes 


The electrical changes produced by light stimulation of the 
retina are usually recorded using an active electrode touching 
the cornea and a reference (passive) electrode either in contact 
with the eyelid margin (as in bipolar contact lens electrodes) 
or subcutaneously approximately 2-cm aboral to the lateral 
canthus. Furthermore, a ground electrode is normally placed 
in an indifferent location, such as the top portion of the skull. 
Several types of electrodes can be used for animal ERGs. 
Corneal contact lens electrodes, such as the Burian-Allen (bipo- 
lar) or JET electrodes (monopolar) are safe, reliable, and easy to 
use in the cat and dog (Fig. 9.4.2A). Contact lens electrodes give 
significantly higher ERG amplitudes than active, subcutaneous 
electrodes.'” !! In addition, a contact lens electrode prevents the 
cornea from drying out during the recording. The space between 
the contact lens and the cornea is filled with an ionic solution of 
either saline or a more viscous solution depending on which type 
of electrode is used. Reusable contact lens electrodes have to be 
cleaned thoroughly between patients, both for good patient 
safety and for maintenance of reliable electrical coupling 
between the electrode and the eye. A metal clip attached to the 
conjunctiva close to the limbus is a more traumatic, low-cost 
alternative that has been shown to give reproducible recordings 
in dogs.'? In sedated large animals, such as horses, active 
electrodes made from silver-impregnated microfibers!? or thin, 
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Figure 9.4.2. A. The JET electrode is a monopolar corneal contact lens electrode that can be used in many species, such as the cat and dog. The plat- 
inum needle electrode is a reliable, easy-to-use, subcutaneous electrode. B. The gold-foil electrode can be used as an active electrode for recording the 
equine ERG. The plastic foil is bent over the canthus of the lower eyelid so the gold-coated side touches the corneal surface. 
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gold-coated foil strips'* are easy to position and give repro- 
ducible results (Fig. 9.4.2B). Several types of active electrodes 
have been shown to give reliable FERG recordings in laboratory 
animals.!° Metal needle electrodes, such as commercially avail- 
able platinum needle electrodes, work well as subcutaneous ref- 
erence and ground electrodes. 


Impedance 


It is important to measure the impedance to make sure that the 
electrodes, particularly the ground and reference electrodes, are 
in good contact with the tissue. This can easily be done using an 
impedance meter. Great caution should be used if the impedance 
over the active corneal or scleral electrodes is measured in order 
to make sure that the current passed through the electrodes (and 
the eye) does not damage the ocular tissues. Preferably, the 
impedance should be around 5 kOhms and not exceed 7 kOhms. 
Furthermore, it is important that the impedance is similar 
between the left and right sides if binocular recordings are made. 


Data Acquisition 


The electrical signals generated by the retina are small in ampli- 
tude (often less than 10-! mV and certainly less than 10° mV) and 
must be amplified approximately 10* times to be properly visual- 
ized. Signal averaging reduces the impact of noise on the ERG 
signal,!°!” and bandpass filters attenuate frequencies that do not 
contribute substantially to the ERG. It is recommended that the 
low filter (high pass) should be no higher than 1 Hz, and the high 
filter (low pass) should be no lower than 300 Hz.!* These filter set- 
tings do not allow recording of the c-wave. However, recording of 
the c-wave is not normally included in standard ERG protocols. 
Recording the FERG does not necessarily require very 
sophisticated equipment. Preamplifiers and amplifiers with 
vacuum tubes connected to a storage oscilloscope was high-end 
equipment some decades ago and can still be used. Now, com- 
puterized data acquisition systems are most commonly used. 
They are generally reliable, easy to use, reasonably priced, and 
provide excellent opportunities to store waveforms. It is recom- 
mended that the recording equipment meet the safety standards 
imposed on equipment used for human clinical ERGs.!® 


The Photostimulator 


A light stimulus, such as a strobe flash or a light-emitting 
diode (LED), does not provide a uniform illumination of the 
entire retina. It produces a bright-light stimulus in the focal 
image of the light source on the retina and a weaker stimulus 
in nonfocal areas caused by scattered light.!? The strongly and 
weakly stimulated areas of the retina generate responses with 
different amplitudes and time course. A full-field (ganzfeld in 
German) dome with built-in photostimulator and adapting 
(background) light source minimizes the problem of uneven 
retinal illumination and is strongly advocated (Fig. 9.4.3). 
Full-field stimulators have been used successfully in several 
animal species, including the dog.'*: 2° 


Figure 9.4.3. Both the stimulus and background light intensities must be 
measured to ensure that the same amount of light is delivered to the patient's 
eye. The detector of the photometer is positioned at the level of the eye of a 
patient. A xenon flash and a halogen bulb, used for steady adapting light, are 
built into the aluminum housing on top of this full-field (ganzfeld) stimulator. 


A xenon strobe flash—a halogen, tungsten, or xenon arc 
lamp fitted with a mechanical shutter or LEDs—can provide 
an appropriate light stimulus in the full-field dome. The dura- 
tion of the stimulus should not exceed 5 ms.”!:”* The adapting 
light source should provide a uniform, steady light. It should 
be possible to dim both the stimulus and adapting lights, for 
instance, by using different neutral density filters. According 
to international guidelines, the brightest light stimulus in the 
standard protocol should be 2 to 3 cd/m?/s, whereas the stim- 
ulus for the dark-adapted rod tests should be 10? dimmer, that 
is 0.02 to 0.03 cd/m?/s.'® The stimulus and adapting lights 
have to be measured and calibrated regularly using a 
photometer capable of measuring the stimulus and back- 
ground light reflected off the surface in the full-field stimula- 
tor (luminance over time for the stimulus and luminance for 
the adapting light, respectively). According to the Interna- 
tional Society for Clinical Electrophysiology of Vision 
(ISCEV) guidelines, which provide good information on the 
technical aspects of calibration of both the stimulus and 
recording equipment, the light should be calibrated at least 
twice a year.” Technical advances have made it possible to 
develop contact lens electrodes with built-in LEDs as light 
source,” but it has to be established that they provide uni- 
form retinal illumination. Furthermore, calibration of such a 
light source requires both good knowledge of physics and 
specialized equipment. 


Noise Reduction 


Stable ERG responses without patient-related artifacts are keys 
to obtaining an adequate signal-to-noise ratio. Minimizing 
noise and artifacts can be a time-consuming task when the 


electrodiagnostic system is first set up, but the time is well 
invested, and clean responses that do not require additional 
manipulation will increase the diagnostic potential. Thus, keep- 
ing the electrodiagnostic equipment in a dedicated area and not 
disassembling the equipment between examinations usually 
saves time. Electrodes and leads should be properly cleaned and 
maintained or replaced. Reducing and matching the electrode 
impedances usually reduces the noise considerably.” 

Important generators of noise are stray electromagnetic 
and electrostatic fields, including unshielded power lines, 
switches, fluorescent tubes, transformers, computers, network 
equipment, and monitors. Notch filters, filters that reduce 
noise caused by the main’s frequency (60 Hz in the U.S.A. and 
50 Hz in the rest of the world), should be avoided because they 
partially block frequencies that contribute to the a- and b- 
wave of the ERG.!* Proper shielding of the equipment and, if 
necessary, putting the patient inside a Faraday’s cage will 
improve the ERG. 


Patient Preparation 
Allowing the Light to Reach the Retina 


Miotic pupils reduce the amount of light reaching the retina, 
which reduces the response amplitudes and increases the 
implicit times in a way that may suggest retinal disease. 
Therefore, topical mydriatics should be instilled ahead of the 
ERG so the pupils are fully dilated throughout the examina- 
tion. To make sure that aberration from normal is not caused 
by reduced retinal illumination due to incomplete dilation of 
the pupils, it is recommended that pupil size be checked 
immediately before and after the examination. 

The visual field of the patient should not be blocked by a 
protruded third eyelid or equipment, which can interfere with 
the stimulus light. Stay sutures attached to the limbal conjunc- 
tiva help position the globe and keep the third eyelid out of the 
way. Retrobulbar injections of saline have been used for the 
same purpose” but may cause transient increases in IOP that 
can have deleterious effects on the ERG. 


Anesthetic Protocol 


The FERG can readily be recorded in conscious, cooperative 
human patients. However, most animals are less eager to per- 
form well during a full recording session. Therefore, general 
anesthesia is recommended for more comprehensive ERG 
testing in order to maintain proper fixation and stable position 
of electrodes as well as to minimize movement artifacts and 
patient stress. 

It is well known that FERG responses are affected by gen- 
eral anesthesia since the Nobel laureate Ragnar Granit’s semi- 
nal analyses of the components of the feline ERG.* In clinical 
electrophysiology, the effects of anesthetics are generally of 
less importance for the interpretation of the ERG than are the 
large artifacts frequently seen during recording from awake 
animals. Several anesthetic protocols (including thiopentone 
and propofol; halothane, isoflurane, or sevoflurane with or 
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without nitrous oxide; ketamine combined with xylazine or 
medetomedine hydrochloride) have been used for FERGs in 
dogs!!827-31 and cats.3253 

Most common effects of general anesthesia are decreases 
in response amplitudes and increases in implicit times for both 
rod- and cone-driven responses of the FERG.??3435 In 
experiments in which FERG recordings were performed in 
dogs both under halothane anesthesia and under succinyl- 
choline akinesia, the b-wave amplitude was reduced by 36% 
to 77%, implicit times were prolonged, and waveforms were 
altered.** After prolonged dark-adaptation, the rod b-waves 
and, in particular, the scotopic threshold responses (STRs), 
were decreased in dogs anesthetized with halothane or 
sevoflurane.” Interestingly, both amplitudes and, at least ini- 
tially, implicit times for oscillatory potentials (OPs) increased 
during anesthesia. The exact mechanism of suppression of the 
b-wave and STR, and at the same time increase in amplitude 
of OPs, is not well understood. An increase in GABA, glycine, 
or both, in the retina caused by the volatile anesthetics would 
explain the effects on the b-wave and STR, but not on the OPs, 
at least not to our current knowledge. Isoflurane has been 
shown to have some deleterious effects on the canine ERG as 
well.*© 

In horses, FERGs have been recorded under halothane 
anesthesia.*”"8 However, general anesthesia in horses (and 
other large animals) is associated with a higher incidence of 
potentially life-threatening complications, which justifies 
FERG recording in sedated patients. Flash electroretino- 
grams have been successfully recorded in horses sedated with 
5 to 15 ug/kg of detomidine hydrochloride.'*:!4 However, it 
has also been shown that it is possible, but not necessarily 
easy, to record FERG in awake, unsedated horses and cat- 
tle, 14:39. 40 

Proper oxygenation is important for obtaining a reliable and 
reproducible FERG. In cats, the c-wave is sensitive to hypox- 
emia beginning at PaO as high as 60 mm Hg.“ The feline a- 
wave amplitude decreased approximately 9% at PaO between 
50 and 60 mm Hg, whereas the b-wave amplitude was stable at 
this level.” During more severe hypoxemia, PaO of 20 to 30 mm 
Hg, the b-wave amplitude was decreased by 35% on average, 
whereas the decrease in mean a-wave amplitude was close to 
9%. The STR, a response driven by the inner retina, has been 
reported to be stable until the PaO is close to 40 mm Hg in the 
cat." It is believed that the inner retinal responses are relatively 
spared because of the efficient regulation of inner retinal PaO by 
the retinal circulation. A study of the effects of hypoxemia on the 
canine ERG reports that the b-wave is affected first, with 
decreased amplitude and increased latency at a PaO of 45 mm 
Hg.” Again, the a-wave was more resistant to severe hypoxemia 
and remained after the b-wave was extinguished. In contrast, 
hyperventilation enhanced the b-wave in anesthetized dogs, and 
this effect was attributed to reduction of carbon dioxide.“ 

The effects on response amplitudes and implicit times 
caused by anesthetics, drugs used for premedication, and 
sedatives can generally be neglected if both the normal data 
and the patient data are obtained using identical protocols for 
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patient preparation and anesthesia (including measures that 
ensure proper oxygenation throughout the recording). 


Components of the FERG and Reporting 
the Results 


Different stimulus and recording paradigms allow separation 
of responses contributed by different types of cells in the 
retina. Although the separation of different components is usu- 
ally not complete, enhancing responses driven by one system 
and suppressing responses from other systems in the retina will 
increase the diagnostic value of the FERG considerably. Vary- 
ing the stimulus and background light wavelengths and intensi- 
ties, stimulus duration and frequency and bandpass filter 
settings will enhance different components of the FERG. 

The ERG is usually reported by providing values for the 
implicit times and amplitudes for the a- and b-waves. The 
amplitude of the a-wave is measured from the (prestimulus) 
baseline to the trough of the a-wave. By convention, the b-wave 
is measured from the trough of the a-wave to the peak of the b- 
wave. The implicit time of the a-wave refers to the time between 
stimulus onset and the trough of the a-wave, whereas the b- 
wave implicit time is measured from the onset of the stimulus to 
the peak of the b-wave. In addition, it has been recommended 
that an illustration of the dark-adaptation curve, such as plotting 
the amplitude on the ordinate and dark adaptation time on the 
abscissa, including normal limits for a dog of similar breed, 
similarly anesthetized and of similar age, should be included.'* 


Separation of Rod and Cone Function 


The rod system is designed for detecting minimum amounts 
of light in the dark of the night, whereas the cone system oper- 
ates under bright-light conditions. Rods and cones contribute 
their signals to the FERG independently. Taking advantage of 
the inherent, physiological differences of the two systems 
allows separation of rod- and cone-driven responses in a num- 
ber of ways (Fig. 9.4.4). 


1. A dim stimulus will be relatively more effective in 
stimulating the rods than the cones. Dim stimuli under dark- 
adapted (scotopic) conditions will bring out the rod-driven 
responses, whereas the cone-driven response will be 
insignificant because the cones will be too poorly stimu- 
lated. Monitoring the responses for a number of minutes 
after the room light or the adapting light has been turned off 
will prove that the rod system has its normal ability to gener- 
ate successively larger responses (dark-adapt) until a maxi- 
mum is reached, usually in less than an hour in most 
domestic species. For practical reasons, usually only the first 
part of the dynamic process of dark adaptation, that is, the 
process when rods become more sensitive and consequently 
more responsive, is monitored in clinical FERG protocols. 

2. A bright background light, mimicking daylight conditions, 
will bleach the rhodopsin and saturate the rods, making 
them unable to respond to light stimuli. Using bright stim- 
uli under light-adapted (photopic) conditions will give 
responses almost exclusively driven by the cone system.*° 


3. Rods are incapable of following rapidly flickering lights. It 
has been demonstrated that the human cone ERG can 
be isolated from the rod-driven responses using stimulus 
frequencies above 30 Hz.*° Flickering stimuli presented at 
30 Hz or higher will produce pure cone responses in cats 
and dogs too. Given that canine (and feline) cones can fol- 
low frequencies up to 70 Hz or higher, it is possible to 
employ even higher stimulus frequencies to test the cone 
function. However, technical limitations usually force the 
examiner to use stimulus frequencies far below the cone 
flicker fusion frequencies in these species. Flicker photom- 
etry has proven to be useful in assessing the spectral sensi- 
tivity of the two classes of canine cones.“ 


Chromatic stimuli carefully chosen to stimulate one pho- 
toreceptor mechanism maximally presented on a chromatic 
background, suppressing responses from the other photore- 
ceptor mechanisms (selective chromatic adaptation), may 
serve to assess the function of one cone mechanism compared 
with the other. Cone responses can also be examined in the 
dark. Altering the stimulus luminance over time so that the 
amplitude of dark-adapted responses to red and blue stimuli 
become identical can provide clues to whether a residual dark- 
adapted response is rod- or cone-driven. The dark-adapted 
response to red light is normally bipartite with the faster, 
medium wavelength-sensitive (green) cone response first, 
whereas the rod response has longer implicit time. The 


Figure 9.4.4. Four ERG responses from a normal dog. A. A mixed, dark- 
adapted rod-cone response. The small positive deflection just below the let- 
ter is a stimulus artifact, which shows when a brief, white flash (3.0 cd/m*/s) 
is delivered. The response has a conspicuous, negative a-wave followed by 
the large, positive b-wave. Superimposed on the ascending limb are a few 
OPs (open arrow). The peak of the b-wave is bipartite: the later peak reflects 
the slower rod b-wave (black arrow). B. A dark-adapted, mainly rod-driven 
ERG in response to a dim white flash (0.03 cd/m?/s). Notice that there is no 
obvious a-wave and that the implicit time of the b wave is similar to the rod- 
driven peak in A. C. A cone response to a bright, white flash (3.0 cd/m?/s) 
presented on a rod-saturating background (40 cd/m?). The amplitude is con- 
siderably smaller than that of the dark-adapted responses, but both an a- 
and a b-wave can be seen. D. A cone response (arrowheads) to a bright, 
white flickering stimulus (30 Hz) in presence of the steady, adapting light. 


response to blue light is dominated by the rod-driven response, 
whereas the contribution from the short wavelength—sensitive 
cones is very small because of their low number in the retina 
and the dim stimulus. Subtracting the blue response from the 
red response will yield the dark-adapted cone response, mainly 
driven by the middle wavelength-sensitive (green) cones.** 


Oscillatory Potentials 


OPs are a series of wavelets superimposed mainly on the 
ascending limb of the b-wave reported in several animal 
species, such as the cat*?°° and dog.>!* Their number and 
appearance may vary between individuals and species. In cats 
and dogs, usually 3 to 5 conspicuous OPs can be observed, 
whereas they are not easily detectable at all in the horse. 

It has been suggested that the OPs represent radial current 
flows involving inhibitory circuits driven by amacrine cells. 
Intraretinal recordings have indicated that they arise in the inner 
plexiform layer, and pharmacological studies show that 
dopamine, GABA, and glycine blockers all diminish the 
OPs.5%55 However, pharmacological blockade of the retinal gan- 
glion cells in the rat has been shown to reduce the amplitudes of 
the light-adapted OPs, indicating that intact ganglion cell func- 
tion is important for generation of the photopic OPs.*° Retinal 
ischemia causes reduction of the OPs, which supports that these 
high-frequency, low-amplitude components of the FERG are 
generated by inner retinal cells supplied by the retinal circula- 
tion. The input to these inhibitory circuits is likely to come from 
both the rod and cone systems as well as from interactions 
between the rod and cone systems." Each peak has been 
suggested to have a slightly different origin,°! which means 
that the wavelets are not reverberations as the name suggests. 

The OPs are readily visible on the dark-adapted ERG of 
cats and dogs elicited by bright stimuli (Fig. 9.4.5). OPs can 
be recorded similarly to the way a- and b-waves are recorded, 
but manipulation of the bandpass filter settings and stimulus 
conditions enhance the OPs. Changing the high-pass setting 
of the bandpass filter to 70 to 100 Hz will block the 
frequencies mainly contributing to the a- and b-waves, around 
25 Hz, and allow the higher frequencies that dominate the 
OPs, about 100 to 160 Hz, to pass.!858 Dim stimuli presented 
to the dark-adapted eye will provide rod-driven OPs. Cone- 
driven OPs, which are most commonly included in the ERG 
protocols, can be obtained by first presenting a bright, white 
conditioning flash (2-3 cd/m‘/s) to the dark-adapted eye and 
then, 15 to 30 seconds later, present an average of 3 to 4 
responses to additional flashes at 15-second intervals.’ 

OPs will be abnormal in conditions that cause widespread 
retinal ischemia. The amplitudes will decrease and the 
implicit times increase if the IOP is elevated. A threefold 
increase in IOP in dogs for 3 to 5 minutes has been shown to 
obliterate the OPs (and the ERG). 

The changes in OPs and ERG were reversible and the 
responses returned to normal when IOP was reduced to base- 
line. However, it should always be borne in mind that the OPs 
will be abnormal in disorders primarily affecting the outer 
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retina too, because the input from the outer retinal cells to the 
amacrine and interplexiform cells will be reduced. For 
instance, a rod-cone dystrophy will hence cause reduced OPs 
and a- and b- wave amplitudes. 


Other Componenis of the ERG 


Several other components of the ERG, except for the a- and b- 
waves and the OPs, have been recorded in different species. Some 
of these components, reflecting electrical activity in a certain 
group of retinal cells or in a certain pathway or circuit, cannot be 
isolated without injection of pharmacological blockers into the 
posterior segment, or they require more specialized recording 
techniques, such as DC recording.668 Other components, such 
as the i-wave (discussed shortly), are of potential clinical value, 
but their retinal origin is not yet well understood. 


The Scotopic Threshold Response 


The STR is a negative response of the dark-adapted retina to very 
dim stimuli below the threshold for detecting a- and b-waves™.”° 
(Fig. 9.4.6). Dim adapting light or brighter stimuli will immedi- 
ately reduce or abolish the STR. In fully dark-adapted animals, 
the amplitude can exceed 100 uV, whereas the trough of the STR 
appears later than the positive-going b-wave peak. An average 
implicit time of 82 + 7 ms (mean + SD) has been reported in 
dogs.’! Volatile anesthetics, such as halothane and isoflurane, 
reduce the amplitude of the STR in dogs significantly.” 

The STR reflects inner retinal activity driven by the rod pho- 
toreceptors.?>670 Tt has been shown that the STR in the rat 
depends on intact retinal ganglion cell responses, whereas the 
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Figure 9.4.5. Top: A single, dark-adapted response to a bright flash (3.0 
cd/m?/s). A conditioning flash was presented 15 seconds earlier. The band- 
pass filter setting was 0.5 to 1000 Hz. Bottom: Oscillatory potentials extracted 
from the mixed rod-cone response using a bandpass filter from 100 to 1000 
Hz. Numbers indicate OPs 1 thru 5. The stimulus is indicated by a vertical line. 
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Figure 9.4.6. The STR is a dark-adapted inner retinal response that 
appears before the b-wave. A very dim flash, 3/105 cd/s/m? does not pro- 
duce a response (lowermost tracing). Increasing the stimulus intensity by 
factor 10 results in a small STR (blue arrow) in this anesthetized dog. Using a 
brighter stimulus causes the b-wave (red arrow) to partially fill out the STR. 
Using an ECVO rod stimulus (3/10-? cd/s/m?) produces only a b-wave. The 
stimulus is presented at the beginning of each tracing. Numbers indicate the 
neutral density filter in front of the stimulus light. Vertical calibration is 20.V 
for the three lowermost tracings and 40).V for the uppermost tracing. 


contribution from the amacrine cells is relatively small.*° There- 
fore, it is of potential interest in diseases primarily affecting the 
inner retina, in particular the ganglion cells. However, diseases 
impairing rod function will also reduce the STR, because the 
circuits in the inner retina will be poorly driven. 


The Photopic Negative Response (PhNR) 


The PANR is a late negative response elicited by bright stimuli 
presented to the light-adapted retina, somewhat like a light- 
adapted counterpart to the STR. Ganglion cells and possibly 
amacrine cells are involved in generating this response, which 
is reduced in experimental glaucoma models.” The PhNR has 


been shown to be selectively reduced in human patients with 
optic nerve atrophy, which supports that the PhNR can be 
used to evaluate retinal ganglion cell function.” 


The I-Wave 


The i-wave is a positive wavelet of the light-adapted FERG 
that appears after the b-wave. Its precise origin in animals is 
still not clearly established, but it has been suggested that the 
i-wave is evoked at the level of the optic nerve”* or ganglion 
cell layer.’> An inner retinal origin of the i-wave was sup- 
ported by its being the only FERG component that was altered 
in minipigs with experimental glaucoma with considerable 
loss of retinal ganglion cells.” The i-wave can be recorded in 
several pet species, including cats and dogs.” 


ERG Protocols 


The European College of Veterinary Ophthalmologists has 

proposed guidelines to ERG procedures in canine clinical 

practice in order to permit reproducible canine ERGs to be 
obtained under specifically defined conditions.'* Basically, 
two types of procedures have been described: 

e A very brief ERG protocol that determines whether a retinal 
response is present or absent, which was mainly intended as 
a preoperative ERG before cataract surgery. 

e A more comprehensive protocol including selective rod and 
cone tests that could be used to diagnose generalized, often 
hereditary, outer retinal disease (Table 9.4.1). 

These protocols should be considered a minimal func- 
tional study of the retina, which do not preclude the use of 
additional ERG responses that can provide important infor- 
mation if used and interpreted correctly. For instance, a lumi- 
nance-response or Naka-Rushton-like function (Fig. 9.4.7) 
can give hints about the nature of a retinal dystrophy, such as 


Table 9.4.1 A Summary of the Canine ERG Protocol Recommended by the ECVO for Detection of Generalized, Retinal Dystrophies 


Time Stimulus Number of Stimuli Stimulus Background Light Bandpass Filter Responses Mainly 
[minutes] [cd/m?/s] Averaged [n] Frequency [Hz] [cd/m?] [Hz] Driven By 
1 0.02-0.03, white <4 0.5 0 (darkness) <1 to =300 rods 
0.02-0.03, white <4 0.5 0 (darkness) <1 to =300 rods 
0.02-0.03, white <4 0.5 0 (darkness) =1 to =300 rods 
12 0.02-0.03, white <4 0.5 0 (darkness) <1 to =300 rods 
16 0.02-0.03, white <4 0.5 0 (darkness) <1 to =300 rods 
20 0.02-0.03, white <4 0:5 0 (darkness) <1 to =300 rods 
25° 2-3, white 1 0.1 0 (darkness) <1 to =300 rods and cones 
Optional 2-3, white 1 0.1 0 (darkness) 70-100 to =300 rod- and cone- 
driven OPs 
+10 2-3, white 24 4.9 or 5.1 30-40 <1 to =300 cones 
+15" 2-3, white 216" 31 30-40 <1 to =300 cones 


Numbers marked with a * represent the author's suggestions, because they are not provided in the published guidelines. The cone-driven 
responses should be performed after 10 minutes of light adaptation. Hence, the + sign indicates the number of minutes that should have 
passed since the white background light was turned on. The last column indicates the type of photoreceptors mainly driving the response, but 
the ERGs certainly reflect the function of more types of retinal cells as discussed in the text 
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Figure 9.4.7. B-wave amplitudes in pV as a function of log stimulus 
intensity in log cd/s/m? from a normal dog (green dots) and a young 
Labrador Retriever affected by a rod-cone dystrophy, prcd (red dots). 
Naka-Rushton-like equations have been used to fit curves to the data. The 
retinal sensitivity is decreased in the affected dog, which implies that its 
photoreceptors require more light in order to respond (notice the shift 
along the abscissa). Furthermore, there are fewer cells capable of generat- 
ing a b-wave, which implies that the maximum amplitude is lower than in 
the normal dog. Finally, the slope of the rapidly rising part of the curve is 
flatter in the affected dog, which suggests that the retinal homogenetty is 
altered in the affected dog. 


if the photoreceptors are completely lost or unable to respond 
to light in some areas or if the photoreceptors have a 
decreased sensitivity to light.”**! 

Variations in visual stimuli, anesthetic protocols, electronic 
and other equipment used, and the examiner’s experience will 
inevitably lead to differences in average normal values and 
variability. Furthermore, species, breed, age, diurnal fluctua- 
tions, and other factors will add to the variability. Therefore, 
normal values have to be established in each clinic performing 
electrodiagnostic testing. The number of animals needed will 
depend on the variability between individuals and the required 
precision of the test. Obtaining normal values is often time 
consuming but is nonetheless essential. 


VISUAL EVOKED POTENTIALS 


The VEP is a cortical response elicited by a visual stimulus, 
such as a flash (flash-VEP, FVEP) or a contrast-reversing 
pattern (pattern-VEP, PVEP). Multifocal VEP is a technique 
developed to obtain independent response from multiple areas 
of the visual field simultaneously, which requires considerable 
patient cooperation and sophisticated equipment. 

The postretinal origin of the VEP has been substantiated by 
recording VEPs both before and after unilateral optic nerve 
transections in several species, such as the dog, with normal 
retinal function.®? Postsurgically, the VEP was absent when the 
eye on the operated side was stimulated, whereas stimulation 
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of the contralateral eye produced a slightly delayed VEP with 
the same waveform shape. Hence, a normal VEP indicates that 
the visual pathway from the retina to the visual cortex is intact. 

More than 30 visual areas have been identified in the pri- 
mate brain. The supragranular layers of the primary visual cor- 
tex have been reported to be the primary source of the PVEP,*? 
although it is likely that other visual areas contribute as well. In 
primates, it is clear that responses driven by the central visual 
field dominate the VEP, because the cortical representation of 
the central visual field is located in the part of the striate cortex 
closest to the occipital pole (and the active electrodes) and the 
foveal projection is magnified at the cortical surface. In lower 
mammals, there is evidence for that the VEP primarily reflects 
cortical responses generated by stimulation of the most cone- 
rich retinal area, the area centralis. Feline FERGs, PERGs, and 
VEPs recorded after long-term monocular visual deprivation, 
accomplished by lid sutures, revealed that the VEPs were 
virtually eliminated when the deprived eye was tested, whereas 
the FERGs and PERGs were normal. Furthermore, this 
shows again that combining different electrodiagnostic tests 
probing different parts of the visual system will enhance 
localization of the site of dysfunction. 


Recording the VEP 


Methods for recording the VEP have been reported in several 
species, including the cat,>>**** dog,8*8*°3 horse,'* cattle,“ 
and small ruminants.***’ A large number of reports regarding 
VEPs in rodents and other laboratory animals are also available. 
There are considerable differences both between and within 
species in these reports. The variations in amplitudes, laten- 
cies, and appearance of the VEP reflect both true differences 
between species and different recording strategies, stimulus 
parameters, and patient preparation protocols. Therefore, nor- 
mative data has to be obtained by each lab performing VEPs. 


Electrodes and Impedance 


A canine VEP can be recorded from subcutaneous electrodes 
overlying the cortex in response to flash or pattern-reversal. 
Using active electrodes positioned over both hemispheres as 
well as the midline will aid in localization of chiasmal and 
postchiasmal abnormalities in the visual pathways as well as 
in hemifield stimulation. However, the normal variation in the 
distribution of the signals over the scalp between animals, 
including human beings, limits the clinical sensitivity of the 
VEP. The interhemispheric variability in VEPs has been 
shown to relate to the percentage of fibers that cross the mid- 
line in the optic chiasm.** 

In the horse, cutaneous cup electrodes filled with conduc- 
tive gel and positioned according to a modified 10 to 20 system 
have been used. The reference electrode was placed caudal to 
a line joining the medial canthi, and the ground electrode was 
positioned halfway between the nuchal crest and a line joining 
the medial canthi along the midline (corresponding to the ver- 
tex position in human patients). The impedance was reported 
to not exceed 3 kOhms in this study, although values less than 
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5 kOhms between the active and reference electrodes are likely 
to be acceptable. If more than one active electrode is used, it is 
important that the impedance is similar for all channels. 


Data Acquisition and Signal Averaging 


The VEP amplitudes are in the 10' uV range and normally 
smaller than the amplitudes of the ongoing EEG and corneal 
ERG. Thus, signal averaging is required to isolate the VEP 
from the EEG. In addition, correct positioning of the scalp 
electrodes will reduce contamination from the ERG. The 
signals have to be amplified at least 10* times to be properly 
visualized. Online artifact rejection is advantageous to elimi- 
nate electrical artifacts caused by movements and muscle 
tension if the VEP is performed in awake or sedated patients. 
A bandpass filter setting from 1 to 100 Hz allows the domi- 
nant frequencies of the VEP to be sampled. 


The VEP Stimulus 


FVEPs as well as PVEPs have been performed in animals. The 
FVEP is more variable between individuals than the PVEP, 
limiting its clinical utility, but requires less complicated equip- 
ment and is easier to perform. Flash stimulation can easily be 
performed using a full-field stimulator. A strobe stimulating 
the central part of the retina will also provide reliable VEP 
responses, given that the peripheral retina is less important in 
generating the VEP responses than it is for the FERG. 

Both dark- and light-adapted VEPs have been recorded in 
various animal species. The light-adapted FVEP will receive 
less contamination from the FERG because the cone 
responses have considerably smaller amplitudes than the 
dark-adapted, mixed rod-cone responses. The ISCEV stan- 
dard recommends that the human FVEP is performed under 
light-adapted conditions, 15 to 30 cd/m, using a bright, white 
stimulus, 1.5 to 3.0 cd/m?/s.”8 

The FVEP is quite similar regardless of which eye is stimu- 
lated. Monocular stimulation, after the opposite eye has been 
carefully patched, allows localization of prechiasmatic 
dysfunction of the visual pathways. 

Pattern-reversal stimulation is produced by a video monitor 
connected to a pattern generator or computer. Human patients 
are asked to fix the eyes at the center of the pattern on the 
monitor and to maintain focus throughout the procedure, a sit- 
uation that cannot be easily achieved when awake or sedated 
animals are tested. The reversing, isoluminant pattern stimu- 
lates different retinal cells than does a brief flash that produces 
a large, transient change in luminance. The organization of 
receptive fields is not uniform across the entire retina, so the 
pattern that best stimulates retinal components may vary 
between species. If patterned stimuli are used in awake or 
sedated patients, it should be possible to immediately stop 
recording whenever the animal looks away from the stimulus. 

A noisy stimulator, such as one that clicks each time a flash 
is delivered, will produce an auditory evoked response as well 
as a visual one. Given that both responses will be time-locked 


to the stimulus, the VEP will be contaminated by the auditory 
response. This error can be avoided by using a silent stimula- 
tor, masking the sound with loud white noise, or putting ear 
plugs in the ears of the animal. 


Sedation and Anesthesia 


The VEP is not painful but requires a considerable amount of 
cooperation from the patient. Anesthesia and sedation, which 
both affect the consciousness of the animal, will influence the 
VEP too. However, for practical reasons, VEPs are usually 
recorded in anesthetized cats and dogs, but it has been possible 
to record from awake dogs lightly restrained in a body sling.” 
In large animals, such as the horse, the VEP can be recorded in 
anesthetized or sedated animals, whereas it is rather time con- 
suming to try to obtain a reasonable recording in the awake 
horse.'* Different anesthetics and concentrations of the anes- 
thetic influence the VEP, although reported changes can be 
surprisingly small compared to the normal variation.’7?!” 
Maintaining the body temperature throughout anesthesia has 
been shown to be important in dogs.' Given that different 
anesthetic and sedation protocols might affect the VEP differ- 
ently, it is important that the normal data is obtained from ani- 
mals prepared in exactly the same way as the clinical patients. 


VEP Response Parameters 


The VEP waveforms in animals are polyphasic and consist 
of both positive and negative voltages (Fig. 9.4.8). The 
exact waveform of the response depends on the type and 
level of anesthesia, placement of electrodes, method of 
stimulation, and body temperature of the animal.!° Two 
parameters, response amplitude and latency, can be meas- 
ured. The amplitudes are generally more variable than 
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Figure 9.4.8. Simultaneous FERG (red traces) and FVEP (blue traces) 
from a sedated, normal horse. The active, cutaneous FVEP electrode was 
positioned in the midline between the left and right visual cortices. A bright, 
white stimulus, 3 cd/s/m? (the onset of the stimulus is indicated by the ver- 
tical black line), was used under light-adapted conditions (17 cd/m?) to 
stimulate one eye (the other eye was covered with an opaque, light-tight 
patch). The FERG has a small, negative a-wave and a conspicuous, posi- 
tive-going b-wave. Between 64 and 128 responses were averaged to 
obtain the VEP, which consists of multiple positive- and negative-going 
wavelets. Vertical calibration is 204V for the FERG and 5pV for the FVEP. 


latencies, both between and within patients. By convention, 
the amplitude is measured from the peak of a wavelet to the 
trough of the preceding component, and the latency is 
measured from the stimulus event to the peak or trough of 
the component. 

Positive peaks of the FVEP are normally labeled P and 
negative troughs N, followed by its sequential number (N1, 
P1, N2, P2, etc.). For the PVEP, the positive and negative 
voltages recorded from the active electrode are named P and 
N respectively, followed by the approximate, normal latency 
in milliseconds. For example, the P100 is a stable, positive 
peak of the PVEP occurring about 100 ms after the stimulus 
in human subjects. 


OTHER ELECTRODIAGNOSTIC TESTS 


The Pattern Electroretinogram (PERG) 


The PERG is used to evaluate macular function in primates 
and retinal ganglion cell function.!°!-!3 A reversing, struc- 
tured stimulus, usually a black-and-white checkerboard or 
grating displayed on a video monitor, is used to stimulate the 
eye of cooperative human patients. The luminance of the 
stimulus remains constant (isoluminant), and the retina is 
essentially stimulated by a pattern. Hence, other retinal cells 
and circuits contribute to the PERG responses than to FERG. 
In primates, the PERG is cone-driven, whereas it has been 
reported to depend on both cone and rod inputs in the cat,!™ 
implying that outer retinal disease also will affect the inner 
retinal components of the PERG. 

The PERG is typically just a few uV in amplitude and 
therefore more sensitive to noise than the FERG (Fig. 9.4.9). 
The stimulus has to be perfectly focused onto the retina, 
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which means that the patient should be refracted and corrected 
and has to fixate on a target if a video monitor is used. To over- 
come the problems with fixation and patient cooperation in 
lower mammals, the stimulus is usually projected onto the 
retina of the anesthetized animal instead of using a reversing 
pattern on a monitor. Excellent optics has to be required to 
assure that the pattern is focused on the photoreceptors, espe- 
cially in small eyes. 

In cats, the transient PERG consists primarily of a negative 
afterpotential peaking at approximately 120 to 200 ms pro- 
ceeded by a small positive deflection with a latency about 35 
ms.!05-10 Tn dogs, PERGs have been reported using square- 
wave, vertical grating patterns presented at spatial frequencies 
ranging from 0.015 to 1.920 cycles/degree.'°* The waveform 
of the PERG elicited by a reversing, vertical grating with low 
spatial resolution (i.e., wide stripes) was similar to the feline 
PERG and characterized by a small negative peak (N1), a 
large positive peak (P1), and a very large negative peak (N2). 
Increased spatial frequencies caused decreased amplitudes of 
P1 and N2 and increased peak times of N1 and P1. 

The PERG has been used in dogs!:!"° and cats!!! to assess 
the limits of visual resolution. The resolution of the central 15 
degrees in dogs was estimated at 4.3 cycles per degree, 
whereas cats had lower resolution in the area centralis, 3.5 
cycles per degree. This is in line with the lower number of 
ganglion cells and optic nerve fibers in cats. 

The PERG has been used to study inner retinal function in a 
Beagle model for primary open-angle glaucoma.!!° In this 
study, the PERG failed to identify significant differences 
between normal and young glaucomatous dogs, both in the cen- 
tral 15 degrees and in a more peripheral, toroidal area surround- 
ing the central field. However, altered recovery of the toroidal 
segment in glaucomatous Beagles was observed when the 
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50 ms 
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Figure 9.4.9. The PERG stimulus is a reversing checkerboard (A), or grating, in which the black elements turn white at the same time as the white ele- 
ments turn black. Hence, the overall luminance of the stimulus is equal (in contrast to the FERG, which is the retinal response to changes in luminance), and 
the retina is stimulated by the pattern. B. A schematic drawing of the PERG in a healthy, emmetropic human subject (top) and a normal dog (bottom). 
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PERG was repeated 2 hours after induction of anesthesia with 
an ultra-short-acting thiobarbiturate (thiamylal sodium).!!* 
PERGs were more sensitive than FERGs to experimental, 
short-term increases in IOP in mixed-breed dogs even before 
histological changes could be detected in the retina.!" 


The Multifocal ERG (MF-ERG) 


The MF-ERG is a sophisticated technique to obtain local ERGs 
from multiple areas across the central part of the retina.''* The 
stimulus for the MF-ERG is usually an array of hexagonal ele- 
ments presented on a video monitor (Fig. 9.4.10). The elements 
are scaled with eccentricity, following the cone density profile of 
the retina, so the amplitudes of each focal response are equal- 
ized. Fifty percent of the elements are black at any given time; 
the other 50% are white. The luminance of each element, bright 
(white) or dark (black), is determined by a pseudorandom 
sequence, the m-sequence. The stimulus pattern is typically 
changed a number of times every second, and the duration of the 
test in a human patient is often close to 10 minutes. The 
responses are recorded from an active, corneal electrode. 
Powerful computer software then links the responses to each 
retinal area. It has been shown that the MF-ERG can be used to 
obtain information about both outer and inner retinal func- 
tion.115116 The MF-ERG normally requires the subject to fixate 
on a central target, which makes the test difficult to perform in 
patients with poor central vision and in uncooperative patients. 
However, it is possible to project the stimulus array onto the 
retinal surface using a modified scanning laser ophthalmoscope. 
This has been used experimentally in anesthetized cats.!!” 


The Electrooculogram (EOG) 


The electrooculogram estimates the standing potential of the 
eye, a current in the millivolt range that is generated mainly 


Figure 9.4.10. The stimulus for MF-ERG and MF-VEP is an array of 
several hexagonal elements; the elements switch between black and white 
according to a pseudorandom sequence. Hence, each retinal location is 
stimulated by both light and dark, but the sequence is lagged by different 
amounts for each location. Then, the computer software extracts the focal 
response to each element. 


across the RPE. It has been shown in human subjects that the 
clinically most useful information is obtained by comparing 
the dark- and light-adapted EOG amplitudes.'!*!!? The 
recording technique employed for human subjects is based on 
that the subject is cooperative and voluntarily makes regular, 
horizontal eye movements (Fig. 9.4.11). The EOG is therefore 
technically challenging to perform in lower mammals. How- 
ever, a study in which the feline EOG was recorded using a 
mechanical device that moved the eyes showed that the aver- 
age light-adapted—dark-adapted ratio of the amplitudes 
(Arden ratio) was 1.83 (range 1.70-1.99), which is similar to 
the ratio considered to be normal in human patients. !”° 


POSTNATAL DEVELOPMENT OF 
ELECTRODIAGNOSTIC RESPONSES 


Electrodiagnostic procedures have become important in 
the early diagnosis of selected eye diseases among animals. 
Unaffected littermates may provide age-matched controls, but 
data collected during the maturation of normal animals are 
also needed if entire litters are affected or if normal littermates 
are unavailable for various reasons. Most animals have retinas 
in which both rods and cones develop with age, even though 
they develop at different rates. 


The ERG 


At birth, the photoreceptor layer in the canine retina is not 
formed (i.e., the two granular layers have not separated). The 
ERG is absent at birth. It begins to appear in puppies at approxi- 
mately 10 to 15 days of age, and it is completely formed by 15 
to 28 days of age.'?!!? The first response to occur is a small 
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Figure 9.4.11. The EOG is an estimate of the standing potential of the 
eye. When the patient is looking toward the red light, the positive corneal 
potential is closest to the left electrode (yellow). Hence, the voltmeter 
shows a positive output. When the opposite fixation target is lit and the 
patient changes the direction of gaze, the negative posterior segment will 
be closer to the left electrode and the output will turn negative on the volt- 
meter. Thus, repeated saccadic eye movements will produce a square- 
wave response that reflects the standing potential of the eye. 
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negative wave that appears at the beginning of a nascent a-wave. 
This small negative response occurs at the time of differentiation 
of the rods and cones. In dogs, the cone system develops more 
rapidly than the rod system.'? During development, amplitudes 
increase and latencies decrease until they approximate adult val- 
ues between the fifth and eighth weeks of age.!?!!?? In vitro 
recordings of transretinal mass potentials in 9- to 10-week-old 
dogs indicate that changes across the photoreceptors is the pri- 
mary cause of the amplitude increase.!”* The waveform of the 
ERG changes from being dominated by the a-wave to being 
dominated by the b-wave, and these events are paralleled by 
development of the outer plexiform layer. The greatest changes 
in ERG amplitude are expected to occur between the third and 
fourth weeks of age, at a time corresponding with maturation of 
the inner and outer nuclear layers.!*!!* In red Irish Setters, the 
b-wave reaches its full size between 40 and 50 days.’ By 60 days 
of age, both the rod and cone responses to flickering stimuli were 
essentially the same as those in adult dogs.'* OPs appear on the 
b-wave of the ERG at approximately 3 weeks of age with high 
light intensities.!2° By 11 weeks, the potentials are well devel- 
oped and become apparent with lower intensities. 

Kittens are born with an immature visual system that 
requires approximately 4 months to mature. Photoreceptors 
are mature by the end of the first month, and the remainder of 
the maturational process occurs in more proximal elements, 
such as ganglion cells. Development of the ERG in kittens has 
also been reported to occur in phases.!?’ The first stage is 
marked by appearance of the b-wave during the first 10 days 
after birth, and the second phase corresponds to the increase in 
amplitude of the b-wave between 10 and 49 days. The b-wave 
evoked by high-intensity stimulation matures by 5 to 7 weeks 
of age, whereas maturation of the b-wave evoked by low-level 
stimulation requires an additional 3 to 5 weeks. The third 
phase is required for attainment of adult implicit time values 
and OP development. Feline cone b-wave amplitudes have 
been reported to be normal or supernormal between 25 and 94 
days of age.” These supernormal responses, seen in other 
species too, are likely to occur during a period when there 
actually are more functional cells in the immature retina than 
in the adult retina, and that the decline to adult values reflects 
normal degeneration. Adults values for the feline cone b-wave 
were attained after 100 days, implicit times reached adult lev- 
els by 80 days, and flicker fusion matured at approximately 74 
days.'78 Before 7 weeks of age, the OPs differed from adults in 
numbers, amplitude, and time between peaks. By 18 weeks of 
age, values were similar to those of adults. The maturation of 
the retina and its ability to generate electrical responses has 
been studied in other species too, such as the sheep.” 


The VEP 


During the first 5 weeks after birth, maturation of the VEP 
closely parallels neuronal development in the visual cortex.” 
Generally, VEPs in maturing animals are quite variable 
between individuals and more fatigable than in adults.!7° 

The development of VEPs in puppies was reported to begin 
as early as the second day after birth, with a negative wave 
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characterized by a latency that exceeded 500 milliseconds.!*° 
By day 3 or 4, the peak had shortened, and this was followed 
by the addition of another negative peak. The number of peaks 
increased between 2 and 3 weeks of age, accompanied by a 
decrease in peak latencies. By the fifth week, the response 
simplified somewhat, with considerably shortened latencies. 
In a subsequent study conducted in puppies from 7 to 100 
days of age, it was shown that the latency for P1 of the VEP 
was mature as early as 11 days, and 38 days were required for 
the latency of N1 and P2.!*! The latencies of later components 
were not mature by the end of the study. 

Long latency VEPs appear in the feline visual cortex on 
approximately the second day of life, and short latency 
responses appear at 5 days to 2 weeks of age. The first poten- 
tial reported to appear was a negative wave, which would 
become the N2 in the adult.'** 134 The long latency response 
resembles that in adult cats between 30 and 40 days. 

Sequential maturation of VEP components was reported in 
lambs during the first 30 days after birth.?’ The early compo- 
nent, N1, did not show a significant decrease in latency, 
whereas the later potential, P2, did. It was suggested that the 
primary nerve tracts (i.e., N1) were mature at birth, but that 
increasing myelination and integration in the cortex accounted 
for the shorter latencies for P2. 


CLINICAL APPLICATION OF 
ELECTRODIAGNOSTIC TESTING 


In clinical electrophysiology, correlating electrodiagnostic 
findings to clinical findings and history is essential. An unex- 
pected finding not in line with the results of the clinical exam- 
ination may turn out to be a very important discovery but is 
more often caused by technical problems or erroneous patient 
preparation. Therefore, an unexpected electrodiagnostic result 
should always alert the examiner, and the result should be val- 
idated against questions such as the following: 


Is the result reproducible? 

Will changing the electrodes and amplifiers affect the result? 
Is it possible to probe the function of the same part of the 
visual system in a different way with a similar result? 

Do electrodiagnostic tests at other levels of the visual sys- 
tem support the result? 


Electrodiagnostic tests can provide information about the 
location of a lesion in the visual system and often more specific 
information regarding what type of cells are involved. Only 
two parameters are usually objectively assessed: the amplitude 
of the response and the timing of the response in relation to 
the stimulus (i.e., the implicit time or latency). The shape of the 
curve, the waveform, is usually subjectively judged by the 
examiner, although advances in computer technology open up 
for more sophisticated analyses of the waveforms. 

The effects of lesions on the amplitude or implicit time or 
latency of the ERG and VEP are somewhat predictable. A 
large, degenerating area in the retina (or a generalized retinal 
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dystrophy) will result in decreased amplitudes and prolonged 
implicit times of the ERG, whereas focal, chronic lesions may 
result in decreased amplitudes but unchanged implicit times. 
A demyelinating optic neuropathy will slow down the conduc- 
tion velocity and prolong the latency, whereas complete loss 
of axons will reduce the amplitude. 

The diagnostic ability of electrodiagnostic tests depends 
on the variability between subjects, the difference between 
normal and affected subjects, the resolution of method 
employed, and the test protocol used. A lab where tests are 
performed by experienced personnel under highly standard- 
ized conditions with well-calibrated, upgraded equipment 
and a suitable protocol can detect to patients at an earlier 
stage or when the disease is less widely spread than can a lab 
where the conditions are less optimal. Therefore, the age when 
a patient can be diagnosed with reasonable accuracy will vary 
between labs. 
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